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GRAPHICS DISPLAY SYSTEM WITH VIDEO SCALER 
CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation of U.S. patent application 
number 09/437,326, which claims the benefit of the filing date of 
US provisional patent application number 60/107,875, filed 
November 9, 1998 and entitled "Graphics Chip Architecture," the 
contents of which are hereby incorporated by reference. This 
application is related to U.S. patent application number 
09/437,208, filed November 9, 1999, now issued as U.S. patent 
number 6,570,579 on May 27, 2003 and entitled "Graphics Display 
system," the contents of which are hereby incorporated by 
reference. 



FIELD OF THE INVENTION 

The present invention relates generally to integrated 
circuits, and more particularly to an integrated circuit graphics 
display system. 

BACKGROUND OF THE INVENTION 

Graphics display systems are typically used in television 
control electronics, such as set top boxes, integrated digital TVs, 
and home network computers. Graphics display systems typically 
include a display engine that may perform display functions. The 
display engine is the part of the graphics display system that 
receives display pixel data from any combination of locally 
attached video and graphics input ports, processes the data in some 
way, and produces final display pixels as output. 

This application includes references to both graphics and 
video, which reflects in certain ways the structure of the hardware 
itself This split does not, however, imply the existence of any 
fundamental difference between graphics and video, and in fact much 
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of the functionality is cormnon to both. Graphics as used herein 
may include graphics, text and video. 
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SUMMARY OF THE INVENTION 

The present invention provides a graphics display system 
having a novel video scaler. The video scaler determines whether 
it will require less memory bandwidth to scale a video image before 
writing the video image to memory or after reading the video image 
from memory. The video scaler includes a scaler engine that scales 
the video image either before writing the video image to memory or 
after reading the video image from memory, depending on which 
operation requires less memory bandwidth. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an integrated circuit graphics 
display system according to a presently preferred embodiment of the 
invention; 

FIG. 2 is a block diagram of certain functional blocks of the 
system; 

FIG. 3 is a block diagram of an alternate embodiment of the 
system of FIG. 2 that incorporates an on-chip I/O bus; 

FIG. 4 is a functional block diagram of exemplary video and 
graphics display pipelines; 

FIG. 5 is a more detailed block diagram of the graphics and 
video pipelines of the system; 

FIG. 6 is a map of an exemplary window descriptor for 
describing graphics windows and solid surfaces; 

FIG. 7 is a flow diagram of an exemplary process for sorting 
window descriptors in a window controller; 

FIG. 8 is a flow diagram of a graphics window control data 
passing mechanism and a color look-up table loading mechanism; 

FIG. 9 is a state diagram of a state machine in a graphics 
converter that may be used during processing of header packets; 

FIG. 10 is a block diagram of an embodiment of a display 
engine ; 

FIG. 11 is a block diagram of an embodiment of a color look-up 
table (GLUT) ; 

FIG. 12 is a timing diagram of signals that may be used to 
load a GLUT; 

FIG. 13 is a block diagram illustrating exemplary graphics 
line buffers; 

FIG. 14 is a flow diagram of a system for controlling the 
graphics line buffers of FIG. 13; 

FIG. 15 is a representation of left scrolling using a window 
soft horizontal scrolling mechanism; 

FIG. 16 is a representation of right scrolling using a window 
soft horizontal scrolling mechanism; 
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FIG 17 is a flow diagram illustrating a system that uses 
graphics elements or glyphs for anti-aliased text and graphics 
applications; 

FIG. 18 is a block diagram of certain functional blocks of a 
video decoder for performing video synchronization; 

FIG. 19 is a block diagram of an embodiment of a chroma- locked 

sample rate converter (SRC) ; 

FIG. 20 is a block diagram of an alternate embodiment of the 

chroma-locked SRC of FIG. 19; 

FIG 21 is a block diagram of an exemplary line-locked SRC; 
FIG. 22 is a block diagram of an exemplary time base corrector 

(TBC) ; . 
FIG. 23 is a flow diagram of a process that employs a TBC to 

synchronize an input video to a display clock; 

FIG 24 is a flow diagram of a process for video scaling in 
which downscaling is performed prior to capture of video in memory 
and upscaling is performed after reading video data out of memory; 

FIG. 25 is a detailed block diagram of components used during 
video scaling with signal paths involved in downscaling; 

FIG. 26 is a detailed block diagram of components used during 
video scaling with signal paths involved in upscaling; 

FIG 27 is a detailed block diagram of components that may be 
used during video scaling with signal paths indicated for both 
upscaling and downscaling; 

FIG. 28 is a flow diagram of an exemplary process for blending 

graphics and video surfaces; 

FIG. 29 is a flow diagram of an exemplary process for blending 
graphics windows into a combined blended graphics output; 

FIG. 30 is a flow diagram of an exemplary process for blending 
graphics, video and background color; 

FIG 31 is a block diagram of a polyphase filter that performs 
both anti-flutter filtering and vertical scaling of graphics 
windows ; 

FIG 32 is a functional block diagram of an exemplary memory 
service request and handling system with dual memory controllers; 
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FIG. 33 is a functional block diagram of an implementation of 
a real time scheduling system; 

FIG. 34 is a timing diagram of an exemplary CPU servicing 
mechanism that has been implemented using real time scheduling; 
5 FIG- 35 is a timing diagram that illustrates certain 

principles of critical instant analysis for an implementation of 
real time scheduling; 

FIG. 36 is a flow diagram illustrating servicing of requests 

according to the priority of the task; and 
10 FIG. 37 is a block diagram of a graphics accelerator, which 

may be coupled to a CPU and a memory controller. 
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DETAILED DESCRIPTION OF A PRESENTLY PREFERRED EMBODIMENT 



I. Graphics Display System Architecture 

Referring to FIG. 1, the graphics display system according to 
the present invention is preferably contained in an integrated 
circuit 10. The integrated circuit may include inputs 12 for 
receiving video signals 14, a bus 20 for connecting to a CPU 22, a 
bus 24 for transferring data to and from memory 28, and an output 
30 for providing a video output signal 32. The system may further 
include an input 26 for receiving audio input 34 and an output 27 
for providing audio output 36. 

The graphic display system accepts video input signals that 
may include analog video signals, digital video signals, or both. 
The analog signals may be, for example, NTSC, PAL and SECAM signals 
or any other conventional type of analog signal. The digital 
signals may be in the form of decoded MPEG signals or other format 
of digital video. In an alternate embodiment, the system includes 
an on-chip decoder for decoding the MPEG or other digital video 
signals input to the system. Graphics data for display is produced 
by any suitable graphics library software, such as Direct Draw 
marketed by Microsoft Corporation, and is read from the CPU 22 into 
the memory 28. The video output signals 32 may be analog signals, 
such as composite NTSC, PAL, Y/C (S-video) , SECAM or other signals 
that include video and graphics information. In an alternate 
embodiment, the system provides serial digital video output to an 
on-chip or off-chip serializer that may encrypt the output. 

The graphics display system memory 28 is preferably a unified 
synchronous dynamic random access memory (SDRAM) that is shared by 
the system, the CPU 22 and other peripheral components. In the 
preferred embodiment the CPU uses the unified memory for its code 
and data while the graphics display system performs all graphics, 
video and audio functions assigned to it by software. The amount 
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of memory and CPU performance are preferably tunable by the system 
designer for the desired mix of performance and memory cost. In 
the preferred embodiment, a set-top box is implemented with SDRAM 
that supports both the CPU and graphics. 

Referring to FIG. 2, the graphics display system preferably 
includes a video decoder 50, video scaler 52, memory controller 54, 
window controller 56, display engine 58, video compositor 60, and 
video encoder 62. The system may optionally include a graphics 
accelerator 64 and an audio engine 66. The system may display 
graphics, passthrough video, scaled video or a combination of the 
different types of video and graphics. Passthrough video includes 
digital or analog video that is not captured in memory. The 
passthrough video may be selected from the analog video or the 
digital video by a multiplexer. Bypass video, which may come into 
the chip on a separate input, includes analog video that is 
digitized off-chip into conventional YUV (luma chroma) format by 
any suitable decoder, such as the BT829 decoder, available from 
Brooktree Corporation, San Diego, California. The YUV format may 
also be referred to as YCrCb format where Cr and Cb are equivalent 
to U and V, respectively. 

The video decoder (VDEC) 50 preferably digitizes and processes 
analog input video to produce internal YUV component signals with 
separated luma and chroma components. In an alternate embodiment, 
the digitized signals may be processed in another format, such as 
RGB The VDEC 50 preferably includes a sample rate converter 70 
and a time base corrector 72 that together allow the system to 
receive non-standard video signals, such as signals from a VCR. 
The time base corrector 72 enables the video encoder to work m 
passthrough mode, and corrects digitized analog video in the time 
domain to reduce or prevent jitter. 

The video scaler 52 may perform both downscaling and upscaling 
of digital video and analog video as needed. In the preferred 
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embodiment, scale factors may be adjusted continuously from a scale 
factor of much less than one to a scale factor of four. With both 
analog and digital video input, either one may be scaled while the 
other is displayed full size at the same time as passthrough video. 
Any portion of the input may be the source for video scaling. To 
conserve memory and bandwidth, the video scaler preferably 
downscales before capturing video frames to memory, and upscales 
after reading from memory, but preferably does not perform both 
upscaling and downscaling at the same time. 

The memory controller 54 preferably reads and writes video and 
graphics data to and from memory by using burst accesses with burst 
lengths that may be assigned to each task. The memory is any 
suitable memory such as SDRAM. In the preferred embodiment, the 
memory controller includes two substantially similar SDRAM 
controllers, one primarily for the CPU and the other primarily for 
the graphics display system, while either controller may be used 
for any and all of these f\inctions. 

The graphics display system preferably processes graphics data 
using logical windows, also referred to as viewports, surfaces, 
sprites, or canvasses, that may overlap or cover one another with 
arbitrary spatial relationships. Each window is preferably 
independent of the others. The windows may consist of any 
combination of image content, including anti-aliased text and 
graphics, patterns, GIF images, JPEG images, live video from MPEG 
or analog video, three dimensional graphics, cursors or pointers, 
control panels, menus, tickers, or any other content, all or some 
of which may be animated. 

Graphics windows are preferably characterized by window 
descriptors. Window descriptors are data structures that describe 
one or more parameters of the graphics window. Window descriptors 
may include, for example, image pixel format, pixel color type, 
alpha blend factor, location on the screen, address in memory. 
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depth order on the screen, or other parameters. The system 
preferably supports a wide variety of pixel formats, including RGB 
16, RGB 15, YUV 4:2:2 (ITU-R 601), CLUT2 , CLUT4 , CLUT8 or others. 
In addition to each window having its own alpha blend factor, each 
5 pixel in the preferred embodiment has its own alpha value. In the 
preferred embodiment, window descriptors are not used for video 
windows. Instead, parameters for video windows, such as memory 
start address and window size are stored in registers associated 
with the video compositor. 

10 

In operation, the window controller 56 preferably manages both 
the video and graphics display pipelines. The window controller 
preferably accesses graphics window descriptors in memory through a 
direct memory access (DMA) engine 76. The window controller may 

15 sort the window descriptors according to the relative depth of 
their corresponding windows on the display. For graphics windows, 
the window controller preferably sends header information to the 
display engine at the beginning of each window on each scan line, 
and sends window header packets to the display engine as needed to 

20 display a window. For video, the window controller preferably 
coordinates capture of non-passthrough video into memory, and 
transfer of video between memory and the video conpositor. 

The display engine 58 preferably takes graphics information 
25 from memory and processes it for display. The display engine 
preferably converts the various formats of graphics data in the 
graphics windows into YUV component format, and blends the graphics 
windows to create blended graphics output having a composite alpha 
value that is based on alpha values for individual graphics 
30 windows, alpha values per pixel, or both. In the preferred 
embodiment, the display engine transfers the processed graphics 
information to memory buffers that are configured as line buffers. 
In an alternate embodiment, the buffer may include a frame buffer. 
In another alternate embodiment, the output of the display engine 
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is transferred directly to a display or output block without being 
transferred to memory buffers. 

The video compositor 60 receives one or more types of data, 
such as blended graphics data, video window data, passthrough video 
data and background color data, and produces a blended video 
output. The video encoder 62 encodes the blended video output from 
the video compositor into any suitable display format such as 
composite NTSC, PAL, Y/C (S-video) , SECAM or other signals that may 
include video information, graphics information, or a combination 
of video and graphics information. In an alternate embodiment, the 
video encoder converts the blended video output of the video 
compositor into serial digital video output using an on-chip or off 
chip serializer that may encrypt the output. 

The graphics accelerator 64 preferably performs graphics 
operations that may require intensive CPU processing, such as 
operations on three dimensional graphics images. The graphics 
accelerator may be programmable. The audio engine 66 preferably 
supports applications that create and play audio locally within a 
set-top box and allow mixing of the locally created audio with 
audio from a digital audio source, such as MPEG or Dolby, and with 
digitized analog audio. The audio engine also preferably supports 
applications that capture digitized baseband audio via an audio 
capture port and store sounds in memory for later use, or that 
store audio to memory for temporary buffering in order to delay the 
audio for precise lip-syncing when frame-based video time 
correction is enabled. 

Referring to FIG. 3, in an alternate embodiment of the present 
invention, the graphics display system further includes an I/O bus 
74 connected between the CPU 22, memory 28 and one or more of a 
wide variety of peripheral devices, such as flash memory, ROM, MPEG 
decoders, cable modems or other devices. The on-chip I/O bus 74 of 
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the present invention preferably eliminates the need for a separate 
interface connection, sometimes referred in the art to as a north 
bridge The I/O bus preferably provides high speed access and data 
transfers between the CPU, the memory and the peripheral devices, 
and may be used to support the full complement of devices that may 
be used in a full featured set-top box or digital TV. In the 
preferred embodiment, the I/O bus is compatible with the 68000 bus 
definition, including both active DSACK and passive DSACK (e.g.. 
ROM/flash devices), and it supports external bus masters and retry 
operations as both master and slave. The bus preferably supports 
any mix of 32-bit, 16-bit and 8-bit devices, and operates at a 
clock rate of 33 MHz. The clock rate is preferably asynchronous 
with (not synchronized with) the CPU clock to enable independent 
optimization of those subsystems. 

Referring to FIG. 4, the graphics display system generally 
includes a graphics display pipeline 80 and a video display 
pipeline 82. The graphics display pipeline preferably contains 
functional blocks, including window control block 84, DMA (direct 
memory access) block 86, FIFO (first-in-first-out memory) block 88, 
graphics converter block 90, color look up table (CLUT) block 92, 
graphics blending block 94, static random access memory (SRAM) 
block 96, and filtering block 98. The system preferably spatially 
processes the graphics data independently of the video data prior 
5 to blending. 

in operation, the window control block 84 obtains and stores 
graphics window descriptors from memory and uses the window 
descriptors to control the operation of the other blocks in the 
0 graphics display pipeline. The windows may be processed in any 
order In the preferred embodiment, on each scan line, the system 
processes windows one at a time from back to front and from the 
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left edge to the right edge c£ the «indow before proceeding to the 
next window. In an alternate e:*odi.ent, two or ^ore graph.os 
windows be processed in parallel. Xn the paralle 

implementation, it is possible for all of the windows to be 
processed at once, with the entire scan line being processed left 
to right. Any nuni,er of other co:,tinations may also be 
implemented, such as processing a set of windows at a lower level 
in parallel, left to right, followed by the processing of another 
set of windows in parallel at a higher level . 

The DMA block 86 retrieves data from memory 110 as needed to 
construct the various graphics windows according to addressing 
information provided by the window control block. Once the display 
of a window begins, the DMA block preferably retains any parameters 
.hat may be needed to continue to read ^--^ --^X^s! 
such parameters may include, for example, the current read 
the address of the start of the next lines, the nu^er of byt s o 
read per line, and the pitch. Since the pipeline preferably 
includes a vertical filter block for anti-flutter and scaling 
purposes, the DMA block preferably accesses a set of adjacent 
'display lines in the same frame, in both fields. If the output of 
the system is NTSC or other form of interlaced video the DMA 
preferably accesses both fields of the interlaced ^-^^ - 
Ler certain conditions, such as when the vertical ilter d 
; scaling are enabled. In such a case, all lines, not 3ust those 
, scaling oreferably read from memory and 

from the current display field, are prerera y ^ . „^ f 

processed during every display field. In this e:,0.odiment , the 
effective rate of reading and processing graphics is -^^l-' - 
that of a non-interlaced display with a frame rate e^al to the 
0 field rate of the interlaced display. 
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The FIFO block 88 temporarily stores data read from the memory 
110 by the DMA block 86, and provides the data on demand to the 
graphics converter block 90. FIFO my also serve to br.dge a 

boundary between different clock domains in the event that the 
memory and DM;, operate under a clock fre„ or phase that 
differs from the graphics converter block 90 and the graphics 
blending block 94. In an alternate embodiment, the FIFO block .s 
not needed. The FIFO block may be unnecessary, for example, if the 
graphics converter block processes data from memory at the rate 
that it is read from the memory and the memory and conversion 
functions are in the same clock domain. 

in the preferred erfl^odiment. the graphics converter block 90 
takes raw graphics data from the FIFO block and converts it to 
YUValpha (YUVa) format. Raw graphics data may include graphics 
aata from memory that has not yet been processed by the display 
engine. One type of VUVa format that the system may ^^^"^^^^ 
yuv 4:2=2 (i.e. two U and V sanpXes for every four V savc^les) plus 
an 8-bit alpha value for every pixel, which occupies 
bits per pixel, mother suitable type of VCVa fcrnat 
4.4-4 plus the B-bit alpha value per pixel, which occupies 32 bits 
per'pixel. In an alternate embodiment, the graphics converter may 
convert the raw graphics data into a different format, such as 
RGBalpha . 

Tl>e alpha value included in the YUVa output may depend on a 
nu*er of factors, including alpha from chroma keying ^'j "^ich a 
transparent pixel has an alpha e^al to zero, alpha per CLUT ent^, 
alpha from Y (luma) , or alpha per window where one alpha value 
0 characterizes all of the contents of a given window. 
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The graphics converter block 90 preferably accesses the GLUT 
92 during conversion of GLUT formatted raw graphics data. In one 
embodiment of the present invention, there is only one GLUT. In an 
alternate embodiment, multiple CLUTs are used to process different 
graphics windows having graphics data with different GLUT formats. 
The GLUT may be rewritten by retrieving new GLUT data via the DMA 
block when required. In practice, it typically takes longer to 
rewrite the GLUT than the time available in a horizontal blanking 
interval, so the system preferably allows one horizontal line 
period to change the GLUT. Non-GLUT images may be displayed while 
the GLUT is being changed. The color space of the entries in the 
GLUT is preferably in YUV but may also be implemented in RGB. 

The graphics blending block 94 receives output from the 
graphics converter block 90 and preferably blends one window at a 
time along the entire width of one scan line, with the back-most 
graphics window being processed first. The blending block uses the 
output from the converter block to modify the contents of the SRAM 
96 The result of each pixel blend operation is a pixel m the 
SRAM that consists of the weighted sum of the various graphics 
layers up to and including the present one, and the appropriate 
alpha blend value for the video layers, taking into account the 
graphics layers up to and including the present one. 

The SRAM 96 is preferably configured as a set of graphics line 
buffers, where each line buffer corresponds to a single display 
line The blending of graphics windows is preferably performed one 
graphics window at a time on the display line that is currently 
being composited into a line buffer. Once the display line m a 
line buffer has been completely conposited so that all the graphics 
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windows on that display line have been blended, the line buffer is 
made available to the filtering block 98. 

The filtering block 98 preferably performs both anti-flutter 
filtering (AFD and vertical sa^le rate conversion (SRC, using the 
sa^e filter. This block takes input from the line buffers and 
performs finite inpulse response polyphase filtering on the data^ 
«.ile anti-flutter filtering and vertical axis SRC are done .n the 
vertical axis, there »y be different functions, such 
SRC or scaling that are performed in the horizontal axxs. In the 
preferred e^odiment, the filter takes input from only -r really 
adjacent pixels at one time. Xt :m.ltiplies each input prxel t.mes 
a specified coefficient, and sums the result to produce the output^ 
The polyphase action means that the coefficients, which are sanp es 
Of I a^proxi^tely continuous i^ulse response, may be selected 
from a different fractional-pixel phase of the impulse response 
every pixel. In an alternate e„0.odiment, where the filter performs 
horizontal scaling, appropriate coefficients are selected for a 
finite incise response polyphase filter to perform the horr.on a 
0 scaling. In an alternate e^diment, both horizontal and vertical 
filtering and scaling can be performed. 

■1 ■ Qo m^^r inrlude a FIFO block 100, an 
The video display pipeline 82 may include a rj. 

Sk;^ block 102, and a video scaler 104. The video display pipeline 
portion Of the architecture is similar to that of the graphic 
display Pipeline, and it shares some elements with it. In the 

, preferred e.*odiment, the video pipeline supports up to one scaled 
Video Window per scan line, one passthrough video window, ^d one 
background color, all of which are logically behind the set of 

30 graphics windows. The order of these windows, from back to front. 
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is preferably fixed as background color, then passthrough video, 
then scaled video. 

The video windows are preferably in YUV format, although they 
may be in either 4:2:2 or 4:2:0 variants or other variants of YUV, 
or alternatively in other formats such as RGB. The scaled video 
window may be scaled up in both directions by the display engine, 
with a factor that can range up to four in the preferred 
errO^odiment. Unlike graphics, the system generally does not have to 
correct for square pixel aspect ratio with video. The scaled video 
window may be alpha blended into passthrough video and a background 
color, preferably using a constant alpha value for each vxdeo 
signal . 

The FIFO block 100 temporarily stores captured video windows 
for transfer to the video scaler 104. The video scaler preferably 
includes a filter that performs both upscaling and downscaling. The 
scaler function may be a set of two polyphase SRC functions, one 
for each dimension. The vertical SRC may be a four-tap filter with 

0 programmable coefficients in a fashion similar to the vertical 
filter in the graphics pipeline, and the horizontal filter may use 
an 8-tap SRC, also with programmable coefficients. In an alternate 
enODodiment, a shorter horizontal filter is used, such as a 4-tap 
horizontal SRC for the video upscaler. Since the same filter is 

5 preferably used for downscaling, it may be desirable to use more 
taps than are strictly needed for upscaling to accommodate low pass 
filtering for higher quality downscaling. 

in the preferred embodiment, the video pipeline uses a 
50 separate window controller and DMA. In an alternate embodiment. 
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these elements may be shared. The FIFOs are logically separate but 
may be implemented in a common SRAM. 

The video compositor block 108 blends the output of the 
graphics display pipeline, the video display pipeline, and 
passthrough video. The background color is preferably blended as 
the lowest layer on the display, followed by passthrough video, the 
video window and blended graphics. In the preferred embodiment, 
the video compositor composites windows directly to the screen 
line-by-line at the time the screen is displayed, thereby 
conserving memory and bandwidth. The video compositor may include, 
but preferably does not include, display frame buffers, double- 
buffered displays, off-screen bit maps, or blitters. 

Referring to FIG. 5, the display engine 58 preferably includes 
graphics FIFO 132, graphics converter 134, RGB-to-YUV converter 
136, YUV-444-to-YUV422 converter 138 and graphics blender 140. The 
graphics FIFO 132 receives raw graphics data from memory through a 
graphics DMA 124 and passes it to the graphics converter 134, which 
preferably converts the raw graphics data into YUV 4:4:4 format or 
other suitable format. A window controller 122 controls the 
transfer of raw graphics data from memory to the graphics converter 
132. The graphics converter preferably accesses the RGB-to-YUV 
converter 136 during conversion of RGB formatted data and the 
graphics GLUT 146 during conversion of GLUT formatted data. The 
RGB-to-YUV converter is preferably a color space converter that 
converts raw graphics data in RGB space to graphics data in YUV 
space. The graphics GLUT 146 preferably includes a GLUT 150, which 
stores pixel values for GLUT- formatted graphics data, and a GLUT 
controller 152, which controls operation of the GLUT. 
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The YUV444-to-YUV422 converter 138 converts graphics date from 
VOV 4:4:4 £or:.at to YOV 4:2 = 2 £or„«t. The ter™ YI3V 4:4:4 means as 
is conventional, that for every four horizontally addacent sarnp es^ 
there are four V values, four U values, and four V values; th. e« 
vuv 4:2 = 2 means, as is conventional, that for every four samples^ 
there are four Y values, two U values and two V values. The 
vuV444-to-VW422 converter 138 is preferably a «V decimator that 
sub-san^les U and V from four san^les per every four san^les of 
to two samples per every four samples of Y. 

in YUV 4-4 = 4 format and YUV 4 = 2 = 2 format 
Graphics data m yuv 
preferably also includes four alpha values for every four samples. 
Graphics data in YW 4=4:4 format with four alpha values for every 
:TZr^s may be referred to as bein. in aYW 4:4:4:4 fo^t^ 
graphics data in YUV 4=2=2 format with four alpha values for every 
four sanples may be referred to as being in aYUV 4 = 4 = 2 = 2 format. 

The YUV444-to-YUV422 converter may also perform low-pass 
filtering of «V and alpha. For example, if the ^^^^^'^^^ 
vuv 4-4 = 4 format has higher than desired frequency content low 
pass filter in the YUV444-to-YUV422 converter may be turned on to 
filter out high frequency corr^nents in the U and V srgnals, and to 
perform matched filtering of the alpha values. 

The graphics blender 140 blends the YW 4 = 2=2 signals 
together, preferably one line at a time using alpha blendrng^ to 
create a single line of graphics from all of the graphics «ndow 
ol the current display line. «>e filter 170 preferably rnclude 
.iugle 4-tap vertical polyphase graphics filter 172, and a verU^^ 
0 coefficient memory 174. «.e graphics filter may perform both ant 
flutter filtering and vertical scaling. The frlter preferably 
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receives graphics data from the display engine through a set of 
seven line buffers 59, where four of the seven line buffers 
preferably provide data to the taps of the graphics filter at any 
given time. 

in the preferred embodiment, the system may receive video 
input that includes one decoded MPEG video in ITU-R 656 for^t and 
one analog video signal. The ITO-R 656 decoder 160 processes the 
decoded MPEG video to extract timing and data information. In one 
embodiment, an on-chip video decoder (VDEC) 50 converts the analog 
video signal to a digitized video signal. In an alternate 
e-rt^odiment, an external VDEC such as the Brooktree BT829 decoder 
converts the analog video into digitized analog video and provrdes 
the digitized video to the system as bypass video 130. 

Analog video or MPEG video may be provided to the video 
coTpositor as passthrough video. Alternatively, either type of 
video may be captured into memory and provided to the vrdeo 
compositor as a scaled video window. The digitized analog vrdeo 
signals preferably have a pixel sample rate of 13.5 MHz, contain a 
16 bit data stream in VUV 4:2:2 format, and include timing signals 
such as top field and vertical sync signals. 

The VDEC 50 includes a time base corrector (TBC) 72 co:»prising 
a TBC controller 164 and a FIFO 166. To provide passthrough video 
that is synchronized to a display clock preferably without using a 
frame buffer, the digitized analog video is corrected in the trme 
domain in the TBC 72 before being blended with other graphics and 
video sources. During time base correction, the video input which 
runs nominally at 13.5 MHZ is synchronized with the display cloclc 
which runs nominally at 13.5 MHZ at the output,- these two 
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frequencies that are both nominally 13.5 MHz are not necessarily 
exactly the same frequency. In the TBC, the video output is 
preferably offset from the video input by a half scan line per 
field. 

A capture FIFO 158 and a capture DMA 154 preferably capture 
the digitized analog video signals and MPEG video. The SDRAM 
controller 126 provides captured video frames to the external 
SDRAM. A video DMA 144 transfers the captured video frames to a 
video FIFO 148 from the external SDRAM. 

The digitized analog video signals and MPEG video are 
preferably scaled down to less than 100% prior to being captured 
and are scaled up to more than 100% after being captured. The 
video scaler 52 is shared by both upscale and downscale operations. 
The video scaler preferably includes a multiplexer 176, a set of 
line buffers 178, a horizontal and vertical coefficient memory 180 
and a scaler engine 182. The scaler engine 182 preferably includes 
a set of two polyphase filters, one for each of horizontal and 
vertical dimensions. 

The vertical filter preferably includes a four-tap filter with 
programmable filter coefficients. The horizontal filter preferably 
includes an eight-tap filter with programmable filter coefficients. 
In the preferred embodiment, three line buffers 178 supply video 
signals to the scaler engine 182. The three line buffers 178 
preferably are 720 x 16 two port SRAM. For vertical filtering, the 
three line buffers 178 may provide video signals to three of the 
four taps of the four-tap vertical filter while the video input 
provides the video signal directly to the fourth tap. For 
horizontal filtering, a shift register having eight cells in series 
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may be used to provide inputs to the eight taps of the horizontal 
polyphase filter, each cell providing an input to one of the eight 
taps. 

For downscaling, the multiplexer 168 preferably provides a 
video signal to the video scaler prior to capture. For upscaling, 
the video FIFO 148 provides a video signal to the video scaler 
after capture. Since the video scaler 52 is shared between 
downscaling and upscaling filtering, downscaling and upscaling 
operations are not performed at the same time in this particular 
embodiment . 

In the preferred embodiment, the video compositor 60 blends 
signals from up to four different sources, which may include 
blended graphics from the filter 170, video from a video FIFO 148, 
passthrough video from a multiplexer 168, and background color from 
a background color module 184. Alternatively, various numbers of 
signals may be composited, including, for example, two or more 
video windows. The video compositor preferably provides final 
output signal to the data size converter 190, which serializes the 
16-bit word sample into an 8-bit word sample at twice the clock 
frequency, and provides the 8-bit word sample to the video encoder 
62. 

The video encoder 62 encodes the provided YUV 4:2:2 video data 
and outputs it as an output of the graphics display system in any 
desired analog or digital format. 
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II. Window Descriptor and Solid Surface Description 

Often in the creation of graphics displays, the artist or 
application developer has a need to include rectangular objects on 
the screen, with the objects having a solid color and a uniform 
alpha blend factor {alpha value). These regions (or objects) may 
be rendered with other displayed objects on top of them or beneath 
them, in conventional graphics devices, such solid color objects 
are rendered using the number of distinct pixels required to fill 
the region. It may be advantageous in terms of memory size and 
memory bandwidth to render such objects on the display directly, 
without expending the memory size or bandwidth required xn 
conventional approaches . 

in the preferred embodiment, video and graphics are displayed 
on regions referred to as windows. Each window is preferably a 
rectangular area of screen bounded by starting and ending display 
lines and starting and ending pixels on each display line. Raw 
graphics data to be processed and displayed on a screen preferably 
resides in the external memory. m the preferred embodiment, a 
display engine converts raw graphics data into a pixel map with a 
format that is suitable for display. 

in one embodiment of the present invention, the display engine 
implements graphics windows of many types directly in hardware. 
Each of the graphics windows on the screen has its own value of 
various parameters, such as location on the screen, starting 
address in memory, depth order on the screen, pixel color type, 
etc The graphics windows may be displayed such that they may 
overlap or cover each other, with arbitrary spatial relationships. 
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In the preferred embodiment, a data structure called a window 
descriptor contains parameters that describe and control each 
graphics window. The window descriptors are preferably data 
structures for representing graphics images arranged in logical 
surfaces, or windows, for display. Each data structure preferably 
includes a field indicating the relative depth of the logical 
surface on the display, a field indicating the alpha value for the 
graphics in the surface, a field indicating the location of the 
logical surface on the display, and a field indicating the location 
in memory where graphics image data for the logical surface is 
stored. 

All of the elements that make up any given graphics display 
screen are preferably specified by combining all of the window 
descriptors of the graphics windows that make up the screen into a 
window descriptor list. At every display field time or a frame 
time, the display engine constructs the display image from the 
current window descriptor list. The display engine composites all 
of the graphics windows in the current window descriptor list into 
a complete screen image in accordance with the parameters in the 
window descriptors and the raw graphics data associated with the 
graphics windows. 

With the introduction of window descriptors and real-time 
composition of graphics windows, a graphics window with a solid 
color and fixed translucency may be described entirely in a window 
descriptor having appropriate parameters. These parameters 
describe the color and the translucency (alpha) just as if it were 
a normal graphics window. The only difference is that there is no 
pixel map associated with this window descriptor. The display 
engine generates a pixel map accordingly and performs the blending 
in real time when the graphics window is to be displayed. 
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For example, a window consisting of a rectangular object 
having a constant color and a constant alpha value may be created 
on a screen by including a window descriptor in the window 
descriptor list. In this case, the window descriptor indicates the 
color and the alpha value of the window, and a null pixel format, 
i.e., no pixel values are to be read from memory. Other parameters 
indicate the window size and location on the screen, allowing the 
creation of solid color windows with any size and location. Thus, 
in the preferred embodiment, no pixel map is required, memory 
bandwidth requirements are reduced and a window of any size may be 
displayed. 

Another type of graphics window that the window descriptors 
preferably describe is an alpha-only type window. The alpha-only 
type windows preferably use a constant color and preferably have 
graphics data with 2, 4 or 8 bits per pixel. For example, an 
alpha-4 format may be an alpha-only format used in one of the 
alpha-only type windows. The alpha-4 format specifies the alpha- 
only type window with alpha blend values having four bits per 
pixel. The alpha-only type window may be particularly useful for 
displaying anti-aliased text. 

A window controller preferably controls transfer of graphics 
display information in the window descriptors to the display 
engine. In one embodiment, the window controller has internal 
memory to store eight window descriptors. In other embodiments, 
the window controller may have memory allocated to store more or 
less window descriptors. The window controller preferably reads 
the window descriptors from external memory via a direct memory 
access (DMA) module. 

The DMA module may be shared by both paths of the display 
pipeline as well as some of the control logic, such as the window 
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controller and the GLUT. In order to support the display pipeline, 
the DMA module preferably has three channels where the graphics 
pipeline and the video pipeline use separate DMA modules. These 
may include window descriptor read, graphics data read and GLUT 
read. Each channel has externally accessible registers to control 
the start address and the number of words to read. 

Once the DMA module has completed a transfer as indicated by 
its start and length registers, it preferably activates a signal 
that indicates the transfer is complete. This allows the DMA 
module that sets up operations for that channel to begin setting up 
of another transfer. In the case of graphics data reads, the 
window controller preferably sets up a transfer of one line of 
graphics pixels and then waits for the DMA controller to indicate 
that the transfer of that line is complete before setting up the 
transfer of the next line, or of a line of another window. 

Referring to FIG. 6, each window descriptor preferably 
includes four 32-bit words (labeled Word 0 through Word 3) 
containing graphics window display information. Word 0 preferably 
includes a window operation parameter, a window format parameter 
and a window memory start address. The window operation parameter 
preferably is a 2-bit field that indicates which operation is to be 
performed with the window descriptor. When the window operation 
parameter is 00b, the window descriptor performs a normal display 
operation and when it is 01b, the window descriptor performs 
graphics color look-up table ("GLUT") re-loading. The window 
operation parameter of 10b is preferably not used. The window 
operation parameter of lib preferably indicates that the window 
descriptor is the last of a sequence of window descriptors in 
memory . 
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The window format parameter preferably is a 4-bit field that 
indicates a data format of the graphics data to be displayed in the 
graphics window. The data formats corresponding to the window 
format parameter is described in Table 1 below. 



£o3nn&t 


Data 


Data Format Description 


0000b 


RGB lb 


R-RTT RED 6 -BIT GREEN, 5 -BIT BLUE 


0001b 


RCjBID + I 


"RPRi R rj1nq one bit alpha (keying) 


0010b 


RGBA4444 


4 -BIT RED, GREEN, BLUE, ALPHA 


0100b 


CLUT2 


2 -bit GLUT with YUV and alpha m table 


0101b 


CLUT4 


4-bit GLUT with YUV and alpha m table 


0110b 


CLUT8 


8 -bit GLUT with YUV and alpha in table 


0111b 


ACLUT16 


8-BIT ALPHA, 8-BIT GLUT INDEX 


1000b 


ALPHAO 


Single win_alpha and single RGB win_color 


1001b 


ALPHA2 


2 -bit alpha with single RGB win_color 


1010b 


ALPHA4 


4-bit alpha with single RGB win_color 


1011b 


ALPHAS 


8 -bit alpha with single RGB win_color 


1100b 


YUV422 


U and V are sampled at half the rate of Y 


1111b 


RESERVED 


Special coding for blank line m new header, 
i.e., indicates an empty line 
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The window memory start address preferably is a 26-bit data 
field that indicates a starting memory address of the graphics data 
of the graphics window to be displayed on the screen. The window 
memory start address points to the first address in the 
corresponding external SDRAM which is accessed to display data on 
the graphics window defined by the window descriptor. When the 
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window operation parameter indicates the graphics GLUT reloading 
operation, the window memory start address indicates a starting 
memory address of data to be loaded into the graphics GLUT. 

5 Word 1 in the window descriptor preferably includes a window 

layer parameter, a window memory pitch value and a window color 
value. The window layer parameter is preferably a 4-bit data 
indicating the order of layers of graphics windows. Some of the 
graphics windows may be partially or completely stacked on top of 
10 each other, and the window layer parameter indicates the stacking 
order. The window layer parameter preferably indicates where in 
the stack the graphics window defined by the window descriptor 
should be placed. 

In the preferred embodiment, a graphics window with a window 
layer parameter of 0000b is defined as the bottom most layer, and a 
graphics window with a window layer parameter of 1111b is defined 
as the top most layer. Preferably, up to eight graphics windows 
may be processed in each scan line. The window memory pitch value 
is preferably a 12 -bit data field indicating the pitch of window 
memory addressing. Pitch refers to the difference in memory address 
between two pixels that are vertically adjacent within a window. 

The window color value preferably is a 16-bit RGB color, which 
25 is applied as a single color to the entire graphics window when the 
window format parameter is 1000b, 1001b, 1010b, or 1011b. Every 
pixel in the window preferably has the color specified by the 
window color value, while the alpha value is determined per pixel 
and per window as specified in the window descriptor and the pixel 
30 format. The engine preferably uses the window color value to 
implement a solid surface. 
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word 2 in the window descriptor preferably includes an alpha 
type, a widow alpha value, a window y-end value and a window y- 
start value. The word 2 preferably also includes two bits reserved 
for future definition, such as high definition television (HD) 
applications. The alpha type is preferably a 2-bit data field that 
indicates the method of selecting an alpha value for the graphics 
window. The alpha type of 00b indicates that the alpha value is to 
be selected from chroma keying. Chroma keying determines whether 
each pixel is opaque or transparent based on the color of the 
pixel, opaque pixels are preferably considered to have an alpha 
value of 1.0, and transparent pixels have an alpha value of 0, both 
on a scale of 0 to 1. Chroma keying compares the color of each 
pixel to a reference color or to a range of possible colors; if the 
pixel matches the reference color, or if its color falls within the 
specified range of colors, then the pixel is determined to be 
transparent. Otherwise it is determined to be opaque. 

The alpha type of 01b indicates that the alpha value should be 
derived from the graphics CLUT, using the alpha value in each entry 
of the CLUT. The alpha type of 10b indicates that the alpha value 
is to be derived from the luminance Y. The Y value that results 
from conversion of the pixel color to the YUV color space, if the 
pixel color is not already in the YUV color, is used as the alpha 
value for the pixel. The alpha type of lib indicates that only a 
single alpha value is to be applied to the entire graphics window. 
The single alpha value is preferably included as the window alpha 
value next . 

The window alpha value preferably is an 8-bit alpha value 
applied to the entire graphics window. The effective alpha value 
for each pixel in the window is the product of the window alpha and 
the alpha value determined for each pixel. For example, if the 
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window alpha value is 0.5 on a scale of 0 to 1, coded as 0x80, then 
the effective alpha value of every pixel in the window is one-half 
of the value encoded in or for the pixel itself. If the window 
format parameter is 1000b, i.e., a single alpha value is to be 
5 applied to the graphics window, then the per-pixel alpha value is 
treated as if it is 1.0, and the effective alpha value is equal to 
the window alpha value. 

The window y-end value preferably is a 10-bit data field that 
indicates the ending display line of the graphics window on the 
screen. The graphics window defined by the window descriptor ends 
at the display line indicated by the window y-end value. The 
window y-start value preferably is a 10-bit data field that 
indicates a starting display line of the graphics window on a 
screen. The graphics window defined by the window descriptor begins 
at the display line indicated in the window y-start value. Thus, a 
display of a graphics window can start on any display line on the 
screen based on the window y-start value. 

Word 3 in the window descriptor preferably includes a window 
filter enable parameter, a blank start pixel value, a window x-size 
value and a window x-start value. In addition, the word 3 includes 
two bits reserved for future definition, such as HD applications. 
Five bits of the 32 -bit word 3 are not used. The window filter 
enable parameter is a 1-bit field that indicates whether low pass 
filtering is to be enabled during YUV 4:4:4 to YUV 4:2:2 
conversion. 

The blank start pixel value preferably is a 4-bit parameter 
30 indicating a number of blank pixels at the beginning of each 
display line. The blank start pixel value preferably signifies the 
number of pixels of the first word read from memory, at the 
beginning of the corresponding graphics window, to be discarded. 
This field indicates the niomber of pixels in the first word of data 

30 
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t ^ionlaved For example, if memory 
read from memory that are not displayed . to „ 

A ^v.^ r,iv«.la are 4 bits each, there are B 
words are 32 bits wide and the pixels are 4 

oossible first pixels in the first word. Using this field, 0 7 
possible rir V ^j^^ „ord 

pixels may be skipped, making the 1 to the P 
Ippear as the first pixel, respectively. The '^l-^ --'//f; 
Tlue allows graphics windows to have any -^--^^^'^^-^^ 
position on the screen, and may be used during soft horizonta 
scrolling of a graphics window. 

The window x-size value preferably is a 10-bit data field that 
indicates the size of a graphics window in the x direction i.e 

rzLtal direction. The window x-size value 
the nuKi^er of pixels of a graphics window in a display line. 

The window x-start value preferably is a 10-bit data field 
that indicates a starting pixel of the graphics window °- ^ 
line The graphics window defined by the window descriptor 
line. in a i- i_/i(oated by the window x-start 

preferably begins at the pixel indicated by 

value of each display line. With the window x-start value, a y 
pixe of a given display line can be chosen to start painting ^e 
: ics „ilw. Therefore, there is no need to load ^ - 

screen prior to the beginning of the graphics window display 

with black. 

5 III. Graphics Window Control Data Passing Mechanism 

. «f hV,^ nresent invention, a FIFO in the 
in one embodiment of the present xi 

graphics display path accepts raw graphics data as the raw grap^^^c 
- is from memo, at tbe ^ ^l^; 

,0 clock of the memory controller. 
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p^ovides this data, initially stored in an external ™e«ory, to 

subseouent blocks in the graphics pipeline. 

Tn system such as graphics display systems where ™.lt^le 

types of data .nay be output fron, one module, such as a ^ry 

Tnt oner subsystem, and used in another subsystem, such as a 

controller s y ^ typically becomes progressively 

oraohics processing subsystem, it typicaiiy 

H f ficult to support a combination of dynamically varying data 

laore difficult to support buffers between the 

^ t-ransfer rates and Fltu dui.j-cj-o 

types and data transfer conventional way to address 

producing and consuming modules The conv 
.uch problems is to design a logic block that 
varying parameters of the data types in the first i^d 
lontrols all of the relevant variables in the second module^ This 
controls all ,,,i,bie delays between the two modules, 

nay be difficult due to variable delay 

.ue to the use of FIFOs between them and varying <^«^^-^- ^ 
to the coi^lexity of supporting a large nun^^er of data types. 

system preferably processes graphics i».ges ^- ^'t^ ^ 

organising the graphics images "-^^ ^ ^^t^ "ef L 

t-h*^ screen, obtaining data that aescn^c 
images appear » ^^^^^^^.^^ ,,pth of the window on 

, windows, sorting the data acooraing hlendina 
the display, transferring graphics images from memory, and blending 
Z grIphiL ineges using alpha values associated with the graphics 
images . 

^^^v^i- of rontrol information 
Tr, t>ref erred embodiment, a packet ot concro 

' eaXle a Teal Pacet is passe, fro. the window controiier to the 
called a ne P ^^^^^^^ information from the 

display engine. All of the r qu ^^^^ 
window controller preferably is conveyed to the disp g 

I. n of the relevant variables from the window controller are 
that all of the rexevdHL. control 
. n«.ri in a timely fashion and such that the conu 
iO properly controlled in a timeiy 
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is not dependent on variations in delays or data rates between the 
window controller and the display engine. 

A header packet preferably indicates the start of graphics 
data for one graphics window. The graphics data for that graphics 
window continues until it is coit5>leted without requiring a transfer 
of another header packet. A new header packet is preferably placed 
in the FIFO when another window is to start. The header packets 
may be transferred according to the order of the corresponding 
window descriptors in the window descriptor lists. 

in a display engine that operates according to lists of window 
descriptors, windows may be specified to overlap one another. At 
the same time, windows may start and end on any line, and there may 
be many windows visible on any one line. There are a large number 
of possible combinations of window starting and ending locations 
along vertical and horizontal axes and depth order locations. The 
system preferably indicates the depth order of all windows in the 
window descriptor listand implements the depth ordering correctly 
while accounting for all windows. 

Each window descriptor preferably includes a parameter 
indicating the depth location of the associated window. The range 
that is allowed for this parameter can be defined to be almost any 
useful value. In the preferred embodiment there are 16 possible 
depth values, ranging from 0 to 15, with 0 being the back-most 
(deepest, or furthest from the viewer), and 15 being the top or 
front-most depth. The window descriptors are ordered in the window 
descriptor list in order of the first display scan line where the 
window appears. For example if window A spans lines 10 to 20, 
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window B spans Unes 12 to IS, and window C ^Pans ^ines 5 to 20, 
the order of these descriptors in the list wonld be (C, A, B) . 

in the hardware, which is a preferably a VLSI device, there is 
S preferably on-chip me„K>ry capable of storing a n^er of wrndow 
Ts c iptors. in the preferred i^le^entation, this .e.ory c^ 
store up to 8 window descriptors on-chip, however the s.ze of th.s 
be made larger or s,<«ller without loss of generality, 
memory may be made larger u on-chip 
■„^„^= are read from main memory into the on cnip 
Window descriptors are re<au j-j-^^ . ^ -^^ 

10 a sliptor ™ in order from the start of the list, and stopping 
In the on-chip memory is full or when the ""- jecently r 
descriptor describes a window that is not yet ^l^^^^'^J iL 
starting line is on a line that has a higher number than the line 
starting displayed and 

currently being constructed. Once a wmuu 
currently g 

15 is no longer visible, it may De cas.. 

the next descriptor in the list may read from r»ain memory. At any 
■^display line, the order of the window descriptors in the on- 
cllp men^ry bears no particular relation to the depth order of the 
windows on the screen. 

The hardware that controls the co:^ositing of windows builds 
UP the display in layers, starting from the bac^-rr.st layer In 
Tre led en^Idiment, the bac. most layer is layer 0 *e ^rdwa^e 
'performs a guic. search of the bacK-most window -^--^^^. T Z 
2S Lt yet been corcposited, regardless of its location in the on-chiP 

Tr, the preferred embodiment, this search is 
descriptor memory. In the preierreu 

performed as follows; 

Ml 8 Window descriptors are stored on chip in such a way that 
30 the depth order numbers of all of them are available 
" s lltlously. «hile the depth nu:*ers in the window descriptors 
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are 4 bit numbers, representing 0 to 15, the on-chip memory has 
storage for 5 bits for the depth number. Initially the 5 bit for 
each descriptor is set to 0. The depth order values are compared 
in a hierarchy of pair-wise comparisons, and the lower of the two 
depth numbers in each comparison wins the comparison. That rs, at 
the first stage of the test descriptor pairs {0, 1), (2, 3}, {4, 
5} and {6, 7} are compared, where {0 - 7} represent the eight 
descriptors stored in the on-chip memory. This results in four 
depth numbers with associated descriptor numbers. At the next stage 
two pair-wise comparisons compare {(0, 1), (2, 3)} and {{4, 5), (6, 



7) } 



Each of these results in a depth number of the lower depth 
order nuirtoer and the associated descriptor number. At the third 
15 stage, one pair-wise comparison finds the smallest depth number of 
all and its associated descriptor number. This number points the 
descriptor in the on-chip memory with the lowest depth number, and 
therefore the greatest depth, and this descriptor is used first to 
render the associated window on the screen. Once this window has 

20 been rendered onto the screen for the current scan line, the fifth 
bit of the depth number in the on-chip memory is set to 1, thereby 
ensuring that the depth value number is greater than 15, and as a 
result this depth number will preferably never again be found to be 
the back-most window until all windows have been rendered on this 

25 scan line, preventing rendering this window twice. 

once all the windows have been rendered for a given scan line, 
the fifth bits of all the on-chip depth numbers are again set to 0; 
descriptors that describe windows that are no longer visible on the 
30 screen are cast out of the on-chip memory; new descriptors are read 
from memory as required (that is, if all windows in the on-chip 
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.e^ory are visible, the next descriptor is read fro™ .e^ory and 
tMs repeats until the .ost recently read descriptor rs not yet 
this repeats „„cess o£ finding the back most 

visible on the screen) , and the process or 
descriptor and rendering windows onto the screen repeats. 

Referring to FIG. 7, window descriptors are preferably sorted 

Rererriiiy l. ^ . ^^^r^<^f^Y araphics data to the 

by the window controller and used to transf er grap 

display engine. Each of window d--^^^-;' preferably 
descriptor 0 through the window O-^^^"'^ J „,„aow 
, contains a window layer parameter. J^^^lTli^^ done flag 
descriptor is preferably --"^^^.^^"fJ/^'J processed on a 
indicating that the window descriptor has been P 

current display line. 

.he window controller preferably Pe>:^°- "^"^^ ^^^^'^^^ 

each display line using the window ^-er par^: ; :,^%ta.es the 

fiarrc The window controller prereraoxy y 
Une done . the window descriptor with the 
graphics window „hile placing the 

smallest window ^^^^ ^„ descriptor with the 

>0 graphics window that corresponas 

largest window layer paraineter at the top. 

.he Window controller preferably transfers 
for the bottom-.»ost graphics window to be processed * 

bottom-most window are composed into a 
25 window parameters of the bottom ^^^.^^ 

header packet and written to the ^^^^^^^^ 7 ,,,, 
preferably sends a request to the memory controller to 
preferaDiy ^^^^ ^^^^ graphics 

corresponding --hi" data o h ^^^^ ^^^^ ^^^^ 

data to the graphics FIFO. ^ ^ ,,,,,en to 

30 display engine to compose a display im 
graphics line buffers. 
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The window line done flag is preferably set true whenever the 
window surface has been processed on the current display line. The 
window line done flag and the window layer parameter may be 
concatenated together for sorting. The window line done flag is 
added to the window layer parameter as the most significant bit 
during sorting such that {window line done flag [4], window layer 
parameter [3 : 0] } is a five bit binary number, a window layer value, 
with window line done flag as the most significant bit. 

The window controller preferably selects a window descriptor 
with the smallest window layer value to be processed. Since the 
window line done flag is preferably the most significant bit of the 
window layer value, any window descriptor with this flag set, i.e., 
any window that has been processed on the current display line, 
will have a higher window layer value than any of the other window 
descriptors that have not yet been processed on the current display 
line. When a particular window descriptor is processed, the window 
line done flag associated with that particular window descriptor is 
preferably set high, signifying that the particular window 
descriptor has been processed for the current display line. 

A sorter 304 preferably sorts all eight window descriptors 
after any window descriptor is processed. The sorting may be 
implemented using binary tree sorting or any other suitable sorting 
algorithm. In binary tree sorting for eight window descriptors, 
the window layer value for four pairs of window descriptors are 
compared at a first level using four comparators to choose the 
window descriptor that corresponds to a lower window in each pair. 
In the second level, two coinparators are used to select the window 
descriptor that corresponds to the bottom most graphics window in 
each of two pairs. In the third and the last level, the bottom- 
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.ost graphics windows £ro. each of the two pairs are conpared 
against each other preferably using only one comparator to select 

the bottom window. 

A multiplexer 302 preferably multiplexes parameters from the 
window descriptors. The output of the sorter, i.e window 
selected to be the bottom most, is used to select the w.naow 
parameters to be sent to a direct men.ry access CBM.-) module 6 
to be paclcaged in a header packet and sent to a graphics FIFO 308^ 

display engine preferably reads the header pac.et .n the 
graphics FIFO and processes the raw graphics data based on 
information contained in the header packet. 

The header packet preferably includes a first header word and 
. second header word. Corresponding graphics data is preferably 
transferred as graphics data words. Each of the first header word 
the second header word and the graphics data words preferably 
includes 32 bits of information plus a data type bit. The frrst 
header word preferably includes a 1-bit data type, a 4-brt graphics 
type a 1-bit first window parameter, a 1-bit top/bottom parameter, 
a^-bit alpha type, an S-bit window alpha value and a 16-bit wrndow 
color value. Table 2 shows contents of the first header word. 



Bit 


32 


31-28 


27 


26 


25-24 


23-16 


15-0 


Position 
















Data 
Content 


Data 
type 


graphics 
type 


First 
Window 


top/ 
bottom 


alpha 
type 


window 
alpha 


window 
color 






5 2: Fi: 


rst Heade 


iT Word 





25 



The 1-bit data type preferably indicates whether a 33-bit word 
in the FIFO is a header word or a graphics data word. A data type 
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of 1 indicates that the associated 3 3 -bit word is a header word 
while the data type of 0 indicates that the associated 33-bit word 
is a graphics data word. The graphics type indicates the data 
fortnat of the graphics data to be displayed in the graphics window 
similar to the window format parameter in the word 0 of the window 
descriptor, which is described in Table 1 above. In the preferred 
e,4,odiment, when the graphics type is 1111, there is no window on 
the current display line, indicating that the current display line 



is empty. 



The first window parameter of the first header word preferably 
indicates whether the window associated with that first header word 
is a first window on a new display line. The top/bottom parameter 
preferably indicates whether the current display line indicated in 
the first header word is at the top or the bottom edges of the 
window. The alpha type preferably indicates a method of selecting 
an alpha value individually for each pixel in the window similar to 
the alpha type in the word 2 of the window descriptor. 

The window alpha value preferably is an alpha value to be 
applied to the window as a whole and is similar to the window alpha 
value m the word 2 of the window descriptor. The window color 
value preferably is the color of the window in 16-bit RGB forr^t 
and is similar to the window color value in the word 1 of the 
window descriptor. 

The second header word preferably includes the 1-bit data 
type, a 4-bit blank pixel count, a 10-bit left edge value, a 1-bit 
filter enable parameter and a 10-bit window size value. Table 3 
Shows contents of the second header word in the preferred 
embodiment . 
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Bit 

Position 


32 


Data 
Content 


data 
type 




Blank pixel 
count 

"table 3: second Heaaer w«U 



) 



. t-he first header word, the second header word 
Similar to the fxrst ne^iu , ^^v,«-r th.e second 

. .«blv starts with the data type indicating whether the seco 

:rrrr a ...... o. . ..^..3 : 

edge o£ the window and .s s.m.la preferably 
the word 3 of the window descriptor The 1 

indicates a starting location of the '^^^'^^J JJTo, th window 

Similar to the window ^-^-l;;^-^^ P.e er-l. enables a 

• The filter enable parameuei. y 

descriptor. Tne im- a YUV 4:4:4 format 

.ilter during a conversion of g«^c= ^J/Urf ilter enable 

vrnr 4 • 2 • 2 format and is similar to cne w 
to a YUV 4 2.2 for descriptor. Some YUV 4:4:4 data 

parameter in word 3 of the win ^.^^ 

contain higher fre„ content than o ^^^^^^ 

filtered by enabling a low "-^.'^^^^J f/^/,^^^,, indicates the 
.UV 4:2:2 format. The window si.e value ^ „._^^^„ 

actual horizontal size of the window and is similar 
x-size value in word 3 of the window descriptor. 

f h>,e last window of the last display 

' r/x^rir'thTrirplay eng^e may release the display line 
for display. 
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Packet i zed data structures have been used primarily in the 
communication world where large amount of data needs to be 
transferred between hardware using a physical data link (e.g., 
wires) . The idea is not known to have been used in the graphics 
world where localized and small data control structures need to be 
transferred between different design entities without requiring a 
large off -chip memory as a buffer. In one embodiment of the 
present system, header packets are used, and a general -purpose FIFO 
is used for routing. Routing may be accomplished in a relatively 
simple manner in the preferred embodiment because the write port of 
the FIFO is the only interface. 

In the preferred embodiment, the graphics FIFO is a 
synchronous 32 x 33 FIFO built with a static dual-port RAM with one 
read port and one write port. The write port preferably is 
synchronous to a 81 MHz memory clock while the read port may be 
asynchronous (not synchronized) to the memory clock. The read port 
is preferably synchronous to a graphics processing clock, which 
runs preferably at 81 MHz, but not necessarily synchronized to the 
memory clock. Two graphics FIFO pointers are preferably generated, 
one for the read port and one for the write port. In this 
embodiment, each graphics FIFO pointer is a 6-bit binary counter 
which ranges from 000000b to 111111b, i.e., from 0 to 63. The 
graphics FIFO is only 32 words deep and requires only 5 bits to 
represent each 33-bit word in the graphics FIFO. An extra bit is 
preferably used to distinguish between FIFO full and FIFO empty 
states . 

The graphics data words preferably include the 1-bit data type 
and 32-bit graphics data bits. The data type is 0 for the graphics 
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data words. In order to adhere to a coimnon design practice that 
generally limits the size of a DMA burst into a FIFO to half the 
size of the FIFO, the number of graphics data words in one DMA 
burst preferably does not exceed 16. 

5 

In an alternate embodiment, a graphics display FIFO is not 
used. In this embodiment, the graphics converter processes data 
from memory at the rate that it is read from memory. The memory 
and conversion functions are in a same clock domain. Other 
10 suitable FIFO designs may be used. 

Referring to FIG. 8, a flow diagram illustrates a process for 
loading and processing window descriptors. First the system is 
preferably reset in step 310. Then the system in step 312 

15 preferably checks for a vertical sync (^^VSYNC"). When the VSYNC is 
received, the system in step 314 preferably proceeds to load window 
descriptors into the window controller from the external SDRAM or 
other suitable memory over the DMA channel for window descriptors. 
The window controller may store up to eight window descriptors in 

20 one embodiment of the present invention. 

The step in step 316 preferably sends a new line header 
indicating the start of a new display line. The system in step 320 
preferably sorts the window descriptors in accordance with the 

25 process described in reference to FIG. 7. Although sorting is 
indicated as a step in this flow diagram, sorting actually may be a 
continuous process of selecting the bottom-most window, i.e., the 
window to be processed. The system in step 322 preferably checks 
to determine if a starting display line of the window is greater 

30 than the line count of the current display line. If the starting 
display line of the window is greater than the line count, i.e., if 
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the current display line is above the starting display line of the 
bottom most window, the current display line is a blank line. Thus, 
the system in step 318 preferably increments the line count and 
sends another new line header in step 316. The process of sending 
a new line header and sorting window descriptor continues as long 
as the starting display line of the bottom most (in layer order) 
window is below the current display line. 

The display engine and the associated graphics filter 
preferably operate in one of two modes, a field mode and a frame 
mode. In both modes, raw graphics data associated with graphics 
windows is preferably stored in frame format, including lines from 
both interlaced fields in the case of an interlaced display. In 
the field mode, the display engine preferably skips every other 
display line during processing. In the field mode, therefore, the 
system in step 318 preferably increments the line count by two each 
time to skip every other line. In the frame mode, the display 
engine processes every display line sequentially. In the frame 
mode, therefore, the system in step 318 preferably increments the 
line count by one each time. 

When the system in step 322 determines that the starting 
display of the window is greater than the line count, the system in 
step 324 preferably determines from the header packet whether the 
window descriptor is for displaying a window or re- loading the 
GLUT. If the window header indicates that the window descriptor is 
for re-loading GLUT, the system in step 328 preferably sends the 
GLUT data to the GLUT and turns on the GLUT write strobe to load 
GLUT. 
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If the system in step 324 determines that the window 
descriptor is for displaying a window, the system in step 326 
preferably sends a new window header to indicate that graphics data 
words for a new window on the display line are going to be 
transferred into the graphics FIFO. Then, the system in step 330 
preferably requests the DMA module to send graphics data to the 
graphics FIFO over the DMA channel for graphics data. In the event 
the FIFO does not have sufficient space to store graphics data xn a 
new data packet, the system preferably waits until such space xs 
made available. 

m>en graphics data for a display line of a current window is 
transferred to the FIFO, the syste,n in step 332 preferably 
determines whether the last line of the current window has been 
transferred. If the last line has been transferred, a w.ndow 
descriptor done flag associated with the current window rs 
preferably set. The window descriptor done flag indicates that the 
graphics data associated with the current window descriptor has 
been coTpletely transferred. When the window descriptor done flag 
is set i.e., when the current window descriptor is coi,«.letely 
processed, the system sets a window descriptor done flag rn step 
334 Then the system in step 336 preferably sets a new window 
descriptor update flag and increments a window descriptor update 
counter to indicate that a new window descriptor is to be copied 
3 from the external memory. 

Regardless of whether the last line of the current window has 
been processed, the system in step 338 preferably sets the window 
line done flag for the current window descriptor to signify that 
0 processing of this window descriptor on the current display line 
has been con^leted. The system in step 340 preferably checks the 
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window line done flags associated with all eight window descriptors 
to determine whether they are all set, which would indicate that 
all the windows of the current display line have been processed. If 
not all window line done flags are set, the system preferably 
proceeds to step 320 to sort the window descriptors and repeat 
processing of the new bottom-most window descriptor. 

If all eight window line done flags are determined to be set 
in step 340, all window descriptors on the current display line 
have been processed. In this case, the system in step 342 
preferably checks whether an all window descriptor done flag has 
been set to determine whether all window descriptors have been 
processed completely. The all window descriptor done flag is set 
when processing of all window descriptors in the current frame or 
field have been processed completely. If the all window descriptor 
done flag is set, the system preferably returns to step 310 to 
reset and awaits another VSYNC in step 312. If not all window 
descriptors have been processed, the system in step 344 preferably 
determines if the new window descriptor update flag has been set. 
In the preferred embodiment, this flag would have been set in step 
334 if the current window descriptor has been completely processed. 

When the new window descriptor update flag is set, the system 
in step 352 preferably sets up the DMA to transfer a new window 
descriptor from the external memory. Then the system in step 350 
preferably clears the new window descriptor update flag. After the 
system clears the new window descriptor update flag or when the new 
window descriptor update flag is not set in the first place, the 
system in step 348 preferably increments a line counter to indicate 
that the window descriptors for a next display line should be 
processed. The system in step 346 preferably clears all eight 
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window line done flags to indicate that none of the window 
descriptors have been processed for the next display line. Then 
the system in step 316 preferably initiates processing of the new 
display line by sending a new line header to the FIFO. 

5 

In the preferred embodiment, the graphics converter in the 
display engine converts raw graphics data having various different 
formats into a common format for subsequent compositing with video 
and for display. The graphics converter preferably includes a 

10 state machine that changes state based on the content of the window . 
data packet. Referring to FIG. 9, the state machine in the 
graphics converter preferably controls unpacking and processing of 
the header packets. A first header word processing state 354 is 
preferably entered wherein a first window parameter of the first 

15 header word is checked(step 356) to determine if the window data 
packet is for a first graphics window of a new line. If the header 
packet is not for a first window of a new line, after the first 
header word is processed, the state preferably changes to a second 
header word processing state 362. 

20 

If the header packet is for a first graphics window of a new 
line, the state machine preferably enters a clock switch state 358. 
In the clock switch state, the clock for a graphics line buffer 
which is going to store the new line switches from a display clock 
25 to a memory clock, e.g., from a 13.5 MHz clock to a 81 MHz clock. 
From the clock switch state, a graphics type in the first header 
word is preferably checked (step 360) to determine if the header 
packet represents an empty line. A graphics type of 1111b 
preferably refers to an empty line. 

30 
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If the graphics type is 1111b, the state machine enters the 
first header word processing state 354, in which the first header 
word of the next header packet is processed. If the graphics type 
is not 1111b, i.e. the display line is not empty, the second header 
word is processed. Then the state machine preferably enters a 
graphics content state 364 wherein words from the FIFO are checked 
(step 366) one at a time to verify that they are data words. The 
state machine preferably remains in the graphics content state as 
long as each word read is a data word. While in the graphics 
content state, if a word received is not a data word, i.e.. it is a 
first or second header word, then the state machine preferably 
enters a pipeline complete state 368 and then to the first header 
processing state 354 where reading and processing of the next 
window data packet is commenced. 

Referring to FIG. 10, the display engine 58 is preferably 
coupled to memory over a memory interface 370 and a GLUT over a 
GLUT interface 372. The display engine preferably includes the 
graphics FIFO 132 which receives the header packets and the 
graphics data from the memory controller over the memory interface. 
The graphics FIFO preferably provides received raw graphics data to 
the graphics converter 134 which converts the raw graphics data 
into the common compositing format. During the conversion of 
graphics format, the RGB to YUV converter 136 and data from the 
GLUT over the GLUT interface 372 are used to convert RGB formatted 
data and GLUT formatted data, respectively. 

The graphics converter preferably processes all of the window 
layers of each scan line in half the time, or less, of an 
interlaced display line, due to the need to have lines from both 
fields available in the SRAM for use by the graphics filter when 
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frame mode filtering is enabled. The graphics converter operates 
at 81 MHZ in one embodiment of the present invention, and the 
graphics converter is able to process up to eight windows on each 
scan line and up to three full width windows. 

For example, with a 13.5 MHz display clock, if the graphics 
converter processes 81 Mpixels per second, it can convert three 
windows, each covering the width of the display, in half of the 
active display time of an interlaced scan line. In one embodiment 
of the present invention, the graphics converter processes all the 
window layers of each scan line in half the time of an interlaced 
display line, due to the need to have lines from both f.elds 
available in the SRAM for use by the graphics filter. In practice, 
there may be some more time available since the active display time 
leaves out the blanking time, while the graphics converter can 
operate continuously. 

Graphics pixels are preferably read from the FIFO in raw 
graphics format, using one of the multiple formats allowed in the 
present invention and specified in the window descriptor. Each 
pixel may occupy as little as two bits or as much as 16 bits .n the 
preferred embodiment. Each pixel is converted to a YUVa24 format 
(also referred to as aYUV 4:4:2:2 ), such as two adjacent pxxels 
sharing a UV pair and having unique Y and alpha values, and each of 
the Y U, V and alpha components occupying eight bxts. The 
conversion process is generally dependent on the pixel format type 
and the alpha specification method, both of which are indicated by 
the window descriptor for the currently active window. Preferably, 
the graphics converter uses the GLUT memory to convert GLUT format 
) pixels into RGB or YUV pixels. 
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Conversions of RGB pixels may require conversion to YUV, and 
therefore, the graphics converter preferably includes a color space 
converter. The color space converter preferably is accurate for 
all coefficients. If the converter is accurate to eight or nine 
5 bits it can be used to accurately convert eight bit per component 
graphics, such as GLUT entries with this level of accuracy or RGB24 
images . 

The graphics converter preferably produces one converted pixel 
10 per clock cycle, even when there are multiple graphics pixels 
packed into one word of data from the FIFO. Preferably the 
graphics processing clock, which preferably runs at 81 MHz, is used 
during the graphics conversion. The graphics converter preferably 
reads data from the FIFO whenever both conditions are met, 
15 including that the converter is ready to receive more data, and the 
FIFO has data ready. The graphics converter preferably receives an 
input from a graphics blender, which is the next block in the 
pipeline, which indicates when the graphics blender is ready to 
receive more converted graphics data. The graphics converter may 
20 stall if the graphics blender is not ready, and as a result, the 
graphics converter may not be ready to receive graphics data from 
the FIFO. 

The graphics converter preferably converts the graphics data 
25 into a YUValpha ("YUVa") format. This YUVa format includes YUV 
4:2:2 values plus an 8-bit alpha value for every pixel, and as such 
it occupies 24 bits per pixel; this format is alternately referred 
to as aYUV 4:4:2:2. The YUV444-to-YUV422 converter 138 converts 
graphics data with the aYUV 4:4:4:4 format from the graphics 
30 converter into graphics data with the aYUV 4:4:2:2 format and 
provides the data to the graphics blender 140. The YUV444-to- 
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YDV422 converter preferably has a capacity of performing low pass 
filtering to filter out high frequency components when needed. Tbe 
graphics converter also sends and receives clock synchronization 
infonnation to and from the graphics line buffers over a clock 
5 control interface 37 6. 

When provided with the converted graphics data, the graphics 
blender 140 preferably composites graphics windows into graphxcs 
line buffers over a graphics line buffer interface 374. The 
10 graphics windows are alpha blended into blended graphics and 
preferably stored in graphics line buffers. 

IV. Color Look-up Table Loading Mechanism 

15 A color look-up table ("GLUT") is preferably used to supply 

color and alpha values to the raw graphics data formatted to 
address information contents of the GLUT. For a window surface 
based display, there may be multiple graphics windows on the same 
display screen with different graphics formats. For graphics 
20 windows using a color look-up table (GLUT) format, it may be 
necessary to load specific color look-up table entries from 
external memory to on-chip memory before the graphics window xs 
displayed. 

The system preferably includes a display engine that processes 
graphics images formatted in a plurality of formats including a 
color look up table (GLUT) format. The system provides a data 
structure that describes the graphics in a window, provides a data 
structure that provides an indicator to load a GLUT, sorts the data 
30 structures into a list according to the location of the window on 
the display, and loads conversion data into a GLUT for converting 
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the GLUT- formatted data into a different data format according to 
the sequence of data structures on the list. 

In the preferred embodiment, each window on the display screen 
is described with a window descriptor. The same window descriptor 

5 is used to control GLUT loading as the window descriptor used to 
display graphics on screen. The window descriptor preferably 
defines the memory starting address of the graphics contents, the x 
position on the display screen, the width of the window, the 
starting vertical display line and end vertical display line, 

10 window layer, etc. The same window structure parameters and 
corresponding fields may be used to define the GLUT loading. For 
example, the graphics contents memory starting address may define 
GLUT memory starting address; the width of graphics window 
parameter may define the number of GLUT entries to be loaded; the 

15 starting vertical display line and ending vertical display line 
parameters may be used to define when to load the GLUT; and the 
window layer parameter may be used to define the priority of GLUT 
loading if several windows are displayed at the same time, i.e., on 
the same display line. 

20 

In the preferred embodiment, only one GLUT is used. As such, 
the contents of the GLUT are preferably updated to display graphics 
windows with GLUT formatted data that is not supported by the 
current content of the GLUT. One of ordinary skill in the art 
25 would appreciate that it is straightforward to use more than one 
GLUT and switch back and forth between them for different graphics 
windows . 

In the preferred embodiment, the GLUT is closely associated 
30 with the graphics converter. In one embodiment of the present 
invention, the GLUT consists of one SRAM with 256 entries and 32 
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bits per entry. In other eirfoodiments , the number of entries and 
bits per entry may vary. Each entry contains three color 
components; either RGB or YUV format, and an alpha component. For 
every CLUT-format pixel converted, the pixel data may be used as 
the address to the GLUT and the resulting value may be used by the 
converter to produce the YUVa (or alternatively RGBa) pixel value. 

The GLUT may be re- loaded by retrieving new GLUT data via the 
direct memory access module when needed. It generally takes longer 
to re- load the GLUT than the time available in a horizontal 
blanking interval. Accordingly, in the preferred embodiment, a 
whole scan line time is allowed to re-load the GLUT. While the 
GLUT is being reloaded, graphics images in non-GLUT formats may be 
displayed. The GLUT reloading is preferably initiated by a window 
descriptor that contains information regarding GLUT reloading 
rather than a graphics window display information. 



Referring to FIG. 11, the graphics GLUT 146 preferably 
includes a graphics GLUT controller 400 and a static dual-port RAM 

20 (SRAM) 402. The SRAM preferably has a size of 255 x 32 which 
corresponds to 256 entries in the graphics GLUT. Each entry in the 
graphics GLUT preferably has 32 bits composed of Y + U + V + alpha 
from the most significant bit to the least significant bit. The 
size of each field, including Y, U, V, and alpha, is preferably 

25 eight bits. 

The graphics GLUT preferably has a write port that is 
synchronized to a 81 MHz memory clock and a read port that may be 
asynchronous to the memory clock. The read port is preferably 
30 synchronous to the graphics processing clock, which runs preferably 
at 81 MHz, but not necessarily synchronized to the memory clock. 
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^r,., a read operation, the static dual-port CSP^". is 

Tre e'ably addressed by a read address which is provided hv 
fraphics data in the CLOT i:^ges. During the read operation, the 
r^h -ta is preferably output as read data 4U when a .e.ory 

aldress in the CLUT containing that graphics data is addressed by a 

read address 412. 

ouring write operations, the window controller preferably 
controls the write port with a COT ™ re<^est s.gnal 404 and a 

• ^=.1 Anft GLUT memory data 410 is aiso 
CLUT memory wrxte sxgnal 408. 

preferably provided to the ^"P''-^ ,^,^,,,3 CLUT 

access module from the external memory. The g P 
rtroller preferably receives the CLUT memory data and provides 
the received CLUT memory data to the SRMl for writing. 

Referring to FIG. 12, an exemplary timing diagram shows 
different signals involved during a writing operation of the CLOT. 

Z cZ le^ry revest signal 41S is asserted when the CLOT rs o 
hHe-loaded. A rising edge of the CLOT memory re<^est srgnal 418 
is used to reset a write pointer associated with the wrrte port. 
1 e CLOT memory write signal 4.0 is asserted to indicate 
beginning of a CLOT re-loading operation. The CLOT ^^/^^ 
is provided synchronously to the 81 MH. memory ^ 
written to the SRAM. The write pointer associated with the write 
piris updated each time the CLOT is loaded with CLOT memory data. 

t-Tr.^ i-,r-r,r<3c?s of reloading a CLUT 
in the preferred embodiment, the process ot r 

r.f T.r-ocessina window descriptors 
is associated with the process of processing w 

niustrated in rXO. B since CUT re-loading s ---^ j^^J 
Window descriptor. As shown in steps 324 and ^'J'^^J' ^^^^^^ 
window descriptor is determined to be for reloading CLUT 
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324, the system in step 328 sends the GLUT data to the GLUT. The 
window descriptor for the GLUT reloading may appear anywhere in the 
window descriptor list. Accordingly, the GLUT reloading may take 
place at any time whenever GLUT data is to be updated. 

5 

Using the GLUT loading mechanism in one embodiment of the 
present invention, more than one window with different GLUT tables 
may be displayed on the same display line. In this embodiment, only 
the minimum required entries are preferably loaded into the GLUT, 

10 instead of loading all the entries every time. The loading of only 
the minimiim required entries may save memory bandwidth and enables 
more functionality. The GLUT loading mechanism is preferably 
relatively flexible and easy to control, making it suitable for 
various applications. The GLUT loading mechanism of the present 

15 invention may also simplify hardware design, as the same state 
machine for the window controller may be used for GLUT loading. The 
GLUT preferably also shares the same DMA logic and layer/priority 
control logic as the window controller. 

20 V. Graphics Line Buffer Gontrol Scheme 

In the preferred embodiment of the present invention, the 
system preferably blends a plurality of graphics images using line 
buffers. The system initializes a line buffer by loading the line 

25 buffer with data that represents transparent black, obtains control 
of a line buffer for a compositing operation, composites graphics 
contents into the line buffer by blending the graphics contents 
with the existing contents of the line buffer, and repeats the step 
of compositing graphics contents into the line buffer until all of 

30 the graphics surfaces for the particular line have been composited. 
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The graphics line buffer temporarily stores composited 
graphics images (blended graphics) . A graphics filter preferably 
uses blended graphics in line buffers to perform vertical filtering 
and scaling operations to generate output graphics images. In the 
5 preferred embodiment, the display engine composites graphics images 
line by line using a clock rate that is faster than the pixel 
display rate, and graphics filters run at the pixel display rate. 
In other embodiments, multiple lines of graphics images may be 
composited in parallel. In still other embodiments, the line 
10 buffers may not be needed. Where line buffers are used, the system 
may incorporate an innovative control scheme for providing the line 
buffers containing blended graphics to the graphics filter and 
releasing the line buffers that are used up by the graphics filter. 

The line buffers are preferably built with synchronous static 
dual-port random access memory (^^SRAM") and dynamically switch 
their clocks between a memory clock and a display clock. Each line 
buffer is preferably loaded with graphics data using the memory 
clock and the contents of the line buffer is preferably provided to 
the graphics filter synchronously to the display clock. In one 
embodiment of the present invention, the memory clock is an 81 MHz 
clock used by the graphics converter to process graphics data while 
the display clock is a 13.5 MHz clock used to display graphics and 
video signals on a television screen. Other embodiments may use 
other clock speeds. 

Referring to FIG. 13, the graphics line buffer preferably 
includes a graphics line buffer controller 500 and line buffers 
504. The graphics line buffer controller 500 preferably receives 
30 memory clock buffer control signals 5 08 as well as display clock 
buffer control signals 510. The memory clock control signals and 
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the display clock control signals are used to synchronize the 
graphics line buffers to the memory clock and the display clock, 
respectively. The graphics line buffer controller receives a clock 
selection vector 514 from the display engine to control which 
5 graphics line buffers are to operate in which clock domain. The 
graphics line buffer controller returns a clock enable vector to 
the display engine to indicate clock synchronization settings in 
accordance with the clock selection vector. 

10 In the preferred embodiment, the line buffers 504 include 

seven line buffers 506a-g. The line buffers temporarily store 
lines of YUVa24 graphics pixels that are used by a subsequent 
graphics filter. This allows for four line buffers to be used for 
filtering and scaling, two are available for progressing by one or 

15 two lines at the end of every line, and one for the current 
compositing operation. Each line buffer may store an entire 
display line. Therefore, in this embodiment, the total size of the 
line buffers is (720 pixels /display line) * (3 bytes/pixel) * (7 
lines) = 15,120 bytes. 

20 

Each of the ports to the SRAM including line buffers is 24 
bits wide to accommodate graphics data in YUVa24 format in this 
embodiment of the present invention. The SRAM has one read port 
and one write port. One read port and one write port are used for 

25 the graphics blender interface, which performs a read-modi fy-write 
typically once per clock cycle. In another embodiment of the 
present invention, an SRAM with only one port is used. In yet 
another embodiment, the data stored in the line buffers may be 
YUVa32 (4:4:4:4), RGBa32, or other formats. Those skilled in the 

30 art would appreciate that it is straightforward to vary the number 
of graphics line buffers, e.g., to use different number of taps for 
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filter, the format of graphics data or the nxoinber of read and write 
ports for the SRAM. 



The line buffers are preferably controlled by the graphics 
5 line buffer controller over a line buffer control interface 502. 
Over this interface, the graphics line buffer controller transfers 
graphics data to be loaded to the line buffers. The graphics 
filter reads contents of the line buffers over a graphics line 
buffer interface 516 and clears the line buffers by loading them 
10 with transparent black pixels prior to releasing them to be loaded 
with more graphics data for display. 

Referring FIG. 14, a flow diagram of a process of using line 
buffers to provide composited graphics data from a display engine 

15 to a graphics filter is illustrated. After the graphics display 
system is reset in step 520, the system in step 522 receives a 
vertical sync (VSYNC) indicating a field start. Initially, all 
line buffers preferably operate in the memory clock domain. 
Accordingly, the line buffers are synchronized to the 81 MHz memory 

20 clock in one embodiment of the present invention. In other 
embodiments, the speed of the memory clock may be different from 81 
MHz, or the line buffers may not operate in the clock domain of the 
main memory. The system in step 524 preferably resets all line 
buffers by loading them with transparent black pixels. 

25 

The system in step 526 preferably stores composited graphics 
data in the line buffers. Since all buffers are cleared at every 
field start by the display engine to the equivalent of transparent 
black pixels, the graphics data may be blended the same way for any 
30 graphics window, including the first graphics window to be blended. 
Regardless of how many windows are composited into a line buffer. 
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including zero windows, the result is preferably always the correct 
pixel data. 

The system in step 528 preferably detects a horizontal sync 
(HSYNC) which signifies a new display line. At the start of each 
display line, the graphics blender preferably receives a line 
buffer release signal from the graphics filter when one or more 
line buffers are no longer needed by the graphics filter. Since 
four line buffers are used with the four-tap graphics filter at any 
given time, one to three line buffers are preferably made available 
for use by the graphics blender to begin constructing new display 
lines in them. Once a line buffer release signal is recognized, an 
internal buffer usage register is updated and then clock switching 
is performed to enable the display engine to work on the newly 
released one to three line buffers. In other embodiments, the 
number of line buffers may be more or less than seven, and more or 
less than three line buffers may be released at a time. 

The system in step 534 preferably performs clock switching. 
Clock switching is preferably done in the memory clock domain by 
the display engine using a clock selection vector. Each bit of the 
clock selection vector preferably corresponds to one of the 
graphics line buffers. Therefore, in one embodiment of the present 
invention with seven graphics line buffers, there are seven bits in 
the clock selection vector. For example, a corresponding bit of 
logic 1 in the clock selection vector indicates that the line 
buffer operates in the memory clock domain while a corresponding 
bit of logic 0 indicates that the line buffer operates in the 
display clock domain. 
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other e^diments may have different n^ers of line buffers 
and the nuB*er of bits in the clook selection vector -nay vary 

rlrdin^ly. Cloc. switching lo,ic P"--^;"--;^^™ I 
memory clock and the display clock in accordance wrth the clock 
Teleclion vector. The clock selection vector is P««-- 

used to multiplex the memory clock buffer control srgnals and 

display clock buffer control signals. 

Since there is preferably no active graphics data at field and 
line starts, clock switching preferably is done at the freld start 
r the line start to accommodate the graphics filter to access 
graphics data in real-time. At the field and Une starts, clock 
LiLhing may be done without causing glitches on the -splay s 
Clock switching typically retires a dead cycle trme. A clock 
enable vector indicates that the graphics line buffers are rea*, 
synchronise to the clocks again. The clock enable vector s 
Teferably the same size at the clock selection vector. The clock 
elle veLr is returned to the display engine to be co^red wrth 
the clock selection vector. 

During clock switching, the clock selection vector is sent by 
the display engine to the graphics line buffer block. The c ocks 
ar preferably disabled to ensure a glitch-free -^k swrtch.ng^ 
The graphics line buffers send the clock enable vector to the 
display engine with the clock synchronisation settings recj^ested xn 
Te ctock selection vector. The display engine co:<^res contents 
' the Clock selection vector and the clock enable vector. When 
the contents ^tch, the clock synchronisation is preferably turned 



on again. 



30 
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After the completion of clock switching during the video inactive 
region, the system in step 536 preferably provides the graphics 
data in the line buffers to the graphics filter for anti-flutter 
filtering, sample rate conversion (SRC) and display. At the end of 
5 the current display line, the system looks for a VSYNC in step 538. 
If the VSYNC is detected, the current field has been completed, 
and therefore, the system in step 530 preferably switches clocks 
for all line buffers to the memory clock and resets the line 
buffers in step 524 for display of another field. If the VSYNC is 
10 not detected in step 538, the current display line is not the last 
display line of the current field. The system continues to step 
528 to detect another HSYNC for processing and displaying of the 
next display line of the current field. 

15 VI. Window Soft Horizontal Scrolling Mechanism 

Sometimes it is desirable to scroll a graphics window softly, 
e.g., display text that moves from left to right or from right to 
left smoothly on a television screen. There are some difficulties 
20 that may be encountered in conventional methods that seek to 
implement horizontal soft scrolling. 

Graphics memory buffers are conventionally implemented using 
low-cost DRAM, SDRAM, for example. Such memory devices are 

25 typically slow and may require each burst transfer to be within a 
page. Smooth (or soft) horizontal scrolling, however, preferably 
enables the starting address to be set to any arbitrary pixel. This 
may conflict with the transfer of data in bursts within the well- 
defined pages of DRAM. In addition, complex control logic may be 

30 required to monitor if page boundaries are to be crossed during the 
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transfer of pixel maps for each step during soft horizontal 
scrolling. 

in the preferred embodiment, an implementation of a soft 
horizontal scrolling mechanism is achieved by incrementally 
modifying the content of a window descriptor for a particular 
graphics window. The window soft horizontal scrolling mechanism 
preferably enables positioning the contents of graphics windows on 
arbitrary positions on a display line. 

in an embodiment of the present invention, the soft horizontal 
scrolling of graphics windows is implemented based on an 
architecture in which each graphics window is independently stored 
in a normal graphics buffer memory device (SDRAM, EDO-DRAM, DRAM) 
as a separate object. Windows are composed on top of each other in 
real time as required. To scroll a window to the left or right, a 
special field is defined in the window descriptor that tells how 
many pixels are to be shifted to the left or right. 

The system according to the present invention provides a 
method of horizontally scrolling a display window to the left, 
which includes the steps of blanking out one or more pixels at a 
beginning of a portion of graphics data, the portion being aligned 
with a start address; and displaying the graphics data starting at 
the first non-blanked out pixel in the portion of the graphics data 
aligned with the start address. 

The system according to the present invention also provides a 
method of horizontally scrolling a display window to the right 
which includes the steps of moving a read pointer to a new start 
address that is immediately prior to a current start address, 
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blanking out one or more pixels at a beginning of a portion of 
graphics data, the portion being aligned to the new start address, 
and displaying the graphics data starting at the first non-blanked 
out pixel in the portion of the graphics data aligned with the new 
Start address. 

in practice, each graphics window is preferably addressed 
using an integer word address. For example, if the memory system 
uses 32 bit words, then the address of the start of a window xs 
defined to be aligned to a multiple of 32 bits, even if the first 
pixel that is desired to be displayed is not so aligned. Each 
graphics window also preferably has associated with it a horizontal 
offset parameter, in units of pixels, that indicates a number of 
pixels to be ignored, starting at the indicated starting address, 
before the active display of the window starts. In the preferred 
embodiment, the horizontal offset parameter is the blank start 
pixel value in the word 3 of the window descriptor. For example, 
if the memory system uses 32-bit words and the graphics format of a 
window uses 8 bits per pixel, each 32-bit word contains four 
pixels. in this case, the display of the window may ignore one, 
two or three pixels (8, 16, or 24 bits), causing an effective left 
shift of one, two, or three pixels. 

in the embodiment illustrated by the above exaitple, the memory 
system uses 32-bit words. In other embodiments, the memory system 
may use more or less number of bits per word, such as 16 bits per 
word or 64 bits per word. In addition, pixels in other embodiments 
may have various different number of bits per pixel, such as 1, 2, 
4, 8, 16, 24 and 32. 

Referring to FIG. 15, in the preferred embodiment, a first 
pixel (e.g., the first 8 bits) 604 of a 32-bit word 600, which is 
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aligned to the start address, is blanked out. The rernaining three 
B-bit pixels, other than the blanked out first pixel, are 
effectively shifted to the left by one pixel. Prior to blankxng 
out, a read pointer 602 points to the first bit of the 32-bit word^ 
After blanking out. the read pointer 602 points to the ninth b.t of 
the 3 2 -bit word. 

Further, a shift of four pixels is i-plemented by changing the 
start address by one to the next 32-bit word. Shifts of any nun*er 
of pixels are thereby implemented by a combination of adjusting the 
starting word address and adjusting the pixel shift amount. The 
same mechanism may be used for any number of bits per pixel (1, 2, 
4, etc.) and any memory word size. 

TO shift a pixel or pixels to the right, the shifting cannot 
be achieved simply by blanking some of the bits at the start 
address since any blanking at the start will si-ply have an effect 
of shifting pixels to the left. Further, the shifting to the rxght 
cannot be achieved by blanking some of the bits at the end of 
last data word of a display line since display of a window starts 
at the start address regardless of the position of the last pixel 
to be displayed. 

Therefore, in one embodiment of the present invention, when 
the graphics display is to be shifted to the right, a read pointer 
pointing at the start address is preferably moved to an address 
that is just before the start address, thereby making that address 
the new start address. Then, a portion of the data word aUgned 
with the new start address is blanked out. This provides the 
) effect of shifting the graphics display to the right. 
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For example, a memory system may use 32-bit words and the 
graphics format of a window may use 2 bits per pixel, e.g., a GLUT 
2 format. If the graphics display is to be shifted by a pixel to 
the right, the read pointer is moved to an address that is just 

5 before the start address, and that address becomes a new start 
address. Then, the first 30 bits of the 32-bit word that is 
aligned with the new start address are blanked out. In this case, 
blanking out of a portion of the 32-bit word that is aligned with 
the new start address has the effect of shifting the graphics 

10 display to the right. 

Referring to FIG. 16, a 32-bit word 610 that is aligned with 
the starting address is shifted to the right by one pixel. The 32- 
bit word 610 has a GLUT 2 format, and therefore contains 16 pixels. 
A read pointer 612 points at the beginning of the 32-bit word 610. 
TO shift the pixels in the 32-bit word 610 to the right, an address 
that is just before the start address is made a new start address. 
A 32-bit data word 618 is aligned with the new start address. Then, 
the first 30 bits (15 pixels) 616 of the 32-bit data word 618 
aligned with the new start address are blanked out. The read 
pointer 612 points at a new location, which is the 31^ bit of the 
new start address. The 31^ bit and the 32^^^ bit of the new start 
address may constitute a pixel 618. Insertion of the pixel 618 m 
front of 16 pixels of the 32-bit data word 610 effectively shifts 
those 16 pixels to the right by one pixel. 
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VII. Anti-Aliased Text and Graphics 



TV-based applications, such as interactive program guides, 
enhanced TV, TV navigators, and web browsing on TV frequently 
require the display of text and line-oriented graphics on the 
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..... . rrereif:; xru 

or counter displays, ^'^^^'^l^ ^J^^; every pixel, i-e- 
of pixels (picture elements) wrth two state 
the foreground and background colors. 

.n some cases the hac.ground color ^-^'.^e" 
...eo or other graphics -^-^ agonal and round edges of 
resolution of .ost ^^^^^^J^JI^l' ^,J.^,.^e^ appearance which 
graphical elements generally show a ^^^^^e^ to appear as 

he undesirable, and ^^ ^f"^ „ot correspond well 
one or .ore ^^^^ nterlaced nature of TV displays 

to the desired appearance elements, or any portron of 

causes horizontal edges of gradient, to show a 

graphical elements "^"^ : methods, 

.fluttering- appearance with convention 

some conventional methods 
elements with background colors in a f ^ame b ^^^^^ ^^^^^^^^^ 
the color in the frame buffer at even- P foreground 

element will be written, ^^^-^^/^^t "g result back to the 
oolor of the graphical e^emen. a „i^ing ^ ^^^^^ ^ ^ 
frame buffer memory. This met _^ ^^^^^ ^^^^^^ ^^^^^ 

5 .uffer; it rec^ires the J ^,,24 or RGB16, and it 

supports such -^-^^-;;;;th:^^^^^^^ of graphical elements 

aoes not generally support th^^ Lctionality r^y re^i- -P^^- 
over full motxon video, as sucn pixels of all 

the read, conO^ine and write video in a 

graphical elements for every frame 
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= rtraohical element by 
The system preferably displays a ^^^^ 
fUtering the graphical element with a low pass filter 
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a multi-level value per pixel at an intended final display 
resolution and uses the multi-level values as alpha blend values 
for the graphical element in the subsequent compositing stage. 

in one embodiment of the present invention, a method of 
displaying graphical elements on televisions and other displays is 
used. A deep color frame buffer with, for example, 16, 24, or 32 
bits per pixel, is not required to implement this method since this 
method is effective with as few as two bits per pixel. Thus, this 
method may result in a significant reduction in both the memory 
space and the memory bandwidth required to display text and 
graphics. The method preferably provides high quality when 
compared with conventional methods of anti-aliased text, and 
produces higher display quality than is available with conventional 
methods that do not support anti-aliased text. 

Referring to FIG. 17, a flow diagram illustrates a process of 
providing very high quality display of graphical elements in one 
embodiment of the present invention. First, the bi-level graphical 
elements are filtered by the system in step 652. The graphical 
elements are preferably initially rendered by the system m step 
650 at a significantly higher resolution than the intended final 
display resolution, for exanple, four times the final resolution in 
both horizontal and vertical axes. The filter may be any suitable 
low pass filter, such as a "box" filter. The result of the 
filtering operation is a multi-level value per pixel at the 
intended display resolution. 

The number of levels may be reduced to fit the number of bits 
used in the succeeding steps. The system in step 654 determines 
whether the number of levels are to be reduced by reducing the 
number of bits used. If the system determines that the number of 
levels are to be reduced, the system in step 656 preferably reduces 
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1^ *-vio Tf^sult of box-filtering 4x4 
the number of bits. For example, the result possible 

16 levels to match a 4 bit representation, or erght ^^^^ 

a 3 bit representation, or four levels to match a 2 bit 

a 3 JDit: r.i:.fniired vertical axis 

representation. The filter P^^^ Ltt- mter effect for 
low pass filter function to provide anti-flutter 

interlaced display. 

in step 658, the system preferably uses the resulting multi- 
in step oz>o, i-^duction in the number of 

preferably written into a graphics dxsplay ^uSf- where the 
are used as alpha blend values when the display 
cotposited with other graphics and video images. 

xn an alternate e„0.odiment , the display ^-'^^'l^^'TsJl 
^.e a constant foreground color consist^t with the desi ed 

n ^ ^-F ^yy^ tpxt or graphics, and tne vaxue 
foreground color of the text or g P ^^^^ ^^^^^ 

fr^:: ::ern:r ::::L,^^a:rr-rfort spec^ies four bits 

:::rof alpha blend value in a graphics window, where U.e 

^"ir'tir rri^nriiXe^'r-this . 

tfo^^r thrtdpoint vames . » and^ ~ 
■ v,^ h>.*= i,«?e of an additional bit. In tnis excuuy 

wlnlo: has a constant foreground color which is 
) specified in the window descriptor. 

m another alternate e^diment, the ^'-^^ ^'^f J^^ltZ 
Pixel is specified for every pixel - --^"^ .^^reltr^ 
choosing a CLUT index for every pixel, where 
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associated with every index contains the desired alpha blend value 
as part of the GLUT contents. For example, a graphical element 
with a constant foreground color and 4 bits of alpha per pixel can 
be encoded in a GLUT 4 format such that every pixel of the display 
5 buffer is defined to be a 4 bit GLUT index, and each of the 
associated 16 GLUT entries has the appropriate alpha blend value 
(0/16, 1/16, 2/16, 14/16, 16/16) as well as the (same) constant 
foreground color in the color portion of the GLUT entries. 

10 In yet another alternate embodiment, the alpha per pixel 

values are used to form the alpha portion of color + alpha pixels 
in the display buffer, such as alphaRGB(4, 4, 4, 4) with 4 bits for 
each of alpha. Red, Green, and Blue, or alphaRGB32 with 8 bits for 
each component- This format does not require the use of a GLUT. 

15 

In still another alternate embodiment, the graphical element 
may or may not have a constant foreground color. The various 
foreground colors are processed using a low-pass filter as 
described earlier, and the outline of the entire graphical element 

20 (including all colors other than the background) is separately 
filtered also using a low pass filter as described. The filtered 
foreground color is used as either the direct color value in, e.g., 
an alphaRGB format (or other color space, such as alpha YUV) or as 
the color choice in a GLUT format, and the result of filtering the 

25 outline is used as the alpha per pixel value in either a direct 
color format such as alphaRGB or as the choice of alpha value per 
GLUT entry in a GLUT format. 

The graphical elements are displayed on the TV screen by 
30 compositing the display buffer containing the graphical elements 
with optionally other graphics and video contents while blending 
the subject display buffer with all layers behind it using the 
alpha per pixel values created in the preceding steps. 
Additionally, the translucency or opacity of the entire graphical 
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. element may be varied by specifying the alpha value of the display 
buffer via such means as the window alpha value that may be 
specified in a window descriptor. 

5 VIII. Video Synchronization 

When a composite video signal (analog video) is received into 
the system, it is preferably digitized and separated into YUV (luma 
and chroma) components for processing. Samples taken for YUV are 
10 preferably synchronized to a display clock for compositing with 
graphics data at the video compositor. Mixing or overlaying of 
graphics with decoded analog video may require synchronizing the 
two image sources exactly. Undesirable artifacts such as jitter 
may be visible on the display unless a synchronization mechanism is 
15 implemented to correctly synchronize the samples from the analog 
video to the display clock. In addition, analog video often does 
not adhere strictly to the television standards such as NTSC and 
PAL. For example, analog video which originates in VCRs may have 
synchronization signals that are not aligned with chroma reference 
20 signals and also may have inconsistent line periods. Thus, the 
synchronization mechanism preferably should correctly synchronize 
samples from non-standard analog videos as well. 

The system, therefore, preferably includes a video 
25 synchronizing mechanism that includes a first sample rate converter 
for converting a sampling rate of a stream of video samples to a 
first converted rate, a filter for processing at least some of the 
video samples with the first converted rate, and a second sample 
rate converter for converting the first converted rate to a second 
30 converted rate. 



69 



51242 /JEJ/B600 

Referring to FIG. 18, the video decoder 50 preferably samples 
and synchronizes the analog video input. The video receiver 
preferably receives an analog video signal 706 into an analog-to- 
digital converter (ADC) 700 where the analog video is digitized. 
5 The digitized analog video 708 is preferably sub-sampled by a 
chroma-locked sample rate converter (SRC) 708. A sampled video 
signal 710 is provided to an adaptive 2H comb filter/chroma 
demodulator/luma processor 702 to be separated into YUV (luma and 
chroma) components. In the 2H comb filter/chroma demodulator/luma 
10 processor 702, the chroma components are demodulated. In addition, 
the luma component is preferably processed by noise reduction, 
coring and detail enhancement operations. The adaptive 2H comb 
filter provides the sampled video 712, which has been separated 
into luma and chroma components and processed, to a line- locked SRC 
15 704. The luma and chroma components of the sample video is 
preferably sub-sampled once again by the line-locked SRC and the 
sub-sampled video 714 is provided to a time base corrector (TBC) 
72. The time base corrector preferably provides an output video 
signal 716 that is synchronized to a display clock of the graphics 
20 display system. In one embodiment of the present invention, the 
display clock runs at a nominal 13.5 MHz. 

The synchronization mechanism preferably includes the chroma- 
locked SRC 70, the line-locked SRC 704 and the TBC 72. The chroma- 

25 locked SRC outputs samples that are locked to chroma subcarrier and 
its reference bursts while the line-locked SRC outputs saitples that 
are locked to horizontal syncs. In the preferred embodiment, 
samples of analog video are over-sampled by the ADC 700 and then 
down-sampled by the chroma-locked SRC to four times the chroma sub- 

30 carrier frequency (Fsc) . The down-sampled sartples are down-sampled 
once again by the line-locked SRC to line-locked samples with an 
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effective sanple rate of nominally 13.5 MHz. The time base 
corrector is used to align these sani,les to the display clock, 
which runs nominally at 13.5 MHz. 

;«alog con^osite video has a chroma signal fre„ 
interleaved in frequency with the Im^ signal. In an NTSC standard 
video, this chroma signal is modulated on to the Fsc of 
approximately 3.579545 «H., or exactly 227.5 times the horizontal 
line rate. The luma signal covers a frequency span of zero to 
approximately 4.2 MHz. One method for separating the luma from the 
chroma is to saxr^le the video at a rate that is a multiple of the 
Chroma sub-carrier fre<^ency, and use a comb filter on the sampled 
data l*is method generally imposes a limitation that the sanpUng 
frequency is a multiple of the chroma sub-carrier frequency (Fsc) . 

using such a chroma-locked sampling frequency generally 
it^oses significant costs and complications on the implementation 
as it may require the creation of a sample clock of the correct 
frequency, which itself may re,^ire a stable, 
controllable oscillator (e.g. a VCXO, in a control loop that looks 
the VCXO to the chroma burst f regency. Different sanple 
frequencies are typically re,^ired for different video standards 
with different chroma subcarrier frequencies. Sa:,pling at four 
times the subcarrier fra^ency, i.e. 14.318 MHz for NTSC standard 

: and 17 72 MHZ for PM, standard, generally requires more anti-aUas 
filtering before digitization than is required when sampling at 
higher frequencies such as 27 MHz. In addition, such a chrom.- 
locked clock frequency is often unrelated to the other fre^enc.es 
in a large scale digital device, requiring multiple clock domarns 

0 and asynchronous internal interfaces. 
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In the preferred embodiment, however, the samples are not 
taken at a frequency that is a multiple of Fsc, Rather, in the 
preferred embodiment, an integrated circuit takes samples of the 
analog video at a frequency that is essentially arbitrary and that 

5 is greater than four times the Fsc (4Fsc = 14.318 MHz). The 
sampling frequency preferably is 27 MHz and preferably is not 
locked to the input video signal in phase or frequency. The 
sampled video data then goes through the chroma- locked SRC that 
down-samples the data to an effective sampling rate of 4Fsc. This 

10 and all subsequent operations are preferably performed in digital 
processing in a single integrated circuit. 

The effective sample rate of 4Fsc does not require a clock 
frequency that is actually at 4Fsc, rather the clock frequency can 

15 be almost any higher frequency, such as 27 MHz, and valid samples 
occur on some clock cycles while the overall rate of valid samples 
is equal to 4Fsc. The down-sampling (decimation) rate of the SRC 
is preferably controlled by a chroma phase and frequency tracking 
module. The chroma phase and frequency tracking module looks at 

20 the output of the SRC during the color burst time interval and 
continuously adjusts the decimation rate in order to align the 
color burst phase and frequency. The chroma phase and frequency 
tracking module is implemented as a logical equivalent of a phase 
locked loop (PLL) , where the chroma burst phase and frequency are 

25 compared in a phase detector to the effective sample rate, which is 
intended to be 4Fsc, and the phase and frequency error terms are 
used to control the SRC decimation rate. 

The decimation function is applied to the incoming sampled 
30 video, and therefore the decimation function controls the chroma 
burst phase and frequency that is applied to the phase detector. 
This system is a closed feedback loop (control loop) that functions 
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in n,uch the sa.e way as a conventional PLL. and its operating 
parameters are readily designed in the same way as those of PLLs. 

Referring to FIG. 19, the chroma-locked SRC 70 Preferably 
5 includes a sample rate converter (SRC) 730, a chroma tracker 732 
and a low pass filter (LPF) . The SRC 730 is preferably a polyphase 
filter having time-varying coefficients. The SRC - 
implemented with 35 phases and the conversion rat.o of 35/66^ The 
SRC 730 preferably interpolates by exactly 35 and decimates by (66 
,0 Tepsilon,, i.e. the decimation rate is preferably adjustable 
within a range determined by the mini-mom and maximum values 
epsilon, generally a small range. Epsilon is a first ad.us men 
value, which is used to adjust the decimation rate of a first 
san*>le rate converter, i.e., the chroma-locked sarrple rate 
15 converter. 

Epsilon is preferably generated by the control loop comprising the 
chroma tracker 732 and the LPF 734, and it can be negative, 
positive or zero. When the output samples of the SRC 730 are 
20 exactly frequency and phase locked to the color sub-carrier then 
epsilon is zero. The chroma tracker tracks phase and frequency of 
the chroma bursts and compares them against an expected pattern. 

in one embodiment of the present invention, the conversion 
25 rate of the chroma-locked SRC is adjusted so that, in effect, the 
SRC samples the chroma burst at exactly four times per chroma sub- 
carrier cycle. The SRC takes the samples at phases 0 degrees, 90 
degrees, 180 degrees and 270 degrees of the chroma sub-carrier 
cycle This means that a sample is taken at every cycle of the 
30 color sub-carrier at a zero crossing, a positive peak, zero 
crossing and a negative peak, (0. .1. 0, -1) . « the pattern 
obtained from the samples is different from (0, .1, 0, -1), this 
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difference is detected and the conversion ratio needs to be 
adjusted inside the control loop. 

When the output samples of the chroma- locked SRC are lower in 
5 frequency or behind in phase, e.g., the pattern looks like (-1, 0, 
+1, 0), then the chroma tracker 732 will make epsilon negative. 
When epsilon is negative, the sample rate conversion ratio is 
higher than the nominal 35/66, and this has the effect of 
increasing the frequency or advancing the phase of samples at the 
10 output of the chroma-locked SRC. When the output samples of the 
chroma- locked SRC are higher in frequency or leading in phase, 
e.g., the pattern looks like (+1, 0, -1, 0), then the chroma 
tracker 732 will make epsilon positive. When epsilon is positive, 
the sample rate conversion ratio is lower than the nominal 35/66, 
15 and this has the effect of decreasing the frequency or retarding 
the phase of samples out of the chroma-locked SRC. The chroma 
tracker provides error signal 736 to the LPF 734 that filters the 
error signal to filter out high frequency components and provides 
the filtered error signal to the SRC to complete the control loop. 

20 

The sampling clock may riin at the system clock frequency or at 
the clock frequency of the destination of the decoded digital 
video. If the sampling clock is running at the system clock, the 
cost of the integrated circuit may be lower than one that has a 
25 system clock and a sub-carrier locked video decoder clock. A one 
clock integrated circuit may also cause less noise or interference 
to the analog-to-digital converter on the IC. The system is 
preferably all digital, and does not require an external crystal or 
a voltage controlled oscillator. 

30 
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Referring to FIG. 20, an alternate embodiment of the chroma- 
locked SRC 70 preferably varies the sampling rate while the 
conversion rate is held constant. A voltage controlled oscillator 
(e.g., VCXO) 760 varies the sampling rate by providing a sampling 
5 frequency signal 718 to the ADC 700. The conversion rate in this 
embodiment is fixed at 35/66 in the SRC 750 which is the ratio 
between four times the chroma sub-carrier frequency and 27 MHz. 

In this embodiment, the chroma burst signal at the output of 
10 the chroma- locked SRC is compared with the expected chroma burst 
signal in a chroma tracker 752. The error signals 756 from the 
comparison between the converted chroma burst and the expected 
chroma burst are passed through a low pass filter 754 and then 
filtered error signals 758 are provided to the VCXO 760 to control 
15 the oscillation frequency of the VCXO. The oscillation frequency 
of the VCXO changes in response to the voltage level of the 
provided error signals. Use of input voltage to control the 
oscillation frequency of a VCXO is well known in the art. The 
system as described here is a form of a phase locked loop (PLL) , 
20 the design and use of which is well known in the art. 

After the completion of chroma- liama separation and other 
processing to the chroma and luma components, the samples with the 
effective sample rate of 4 Fsc {i.e. 4 times the chroma subcarrier 

25 frequency) are preferably decimated to samples with a sample rate 
of nominally 13.5 MHz through the use of a second sample rate 
converter. Since this sample rate is less than the electrical 
clock frequency of the digital integrated circuit in the preferred 
embodiment, only some clock cycles carry valid data. In this 

30 embodiment, the sample rate is preferably converted to 13.5 MHz, 
and is locked to the horizontal line rate through the use of 
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• Thus the second sample rate converter is 

horizontal sync signals. Thus, 
a line-locked sample rate converter (SRC) . 

The line-locked sample rate converter converts the current 

^• e If video to a constant (Pout) nun^er of pixels. This constant 
line of video to a applications 

r-,-iv«^ls Pout is normally 85a tor nu 
niomber of pixels fouu rnrrent line of 

780 for «TSC s<.a.e pixel ^^^^^^^^^^^ ""^^l,^, 
viaec .nay have a variable nur^er o£ P-^^^ ' \ ^^^,„„.„^ 

.M. conversion fro™ a ™-locKed san^le "^J^^^ 
step, are performed. The n»her of .nput s^les P.n 

, line of video is accurately measured. This 
current Une of ^^^^ conversion ratro 

= To-n: ui . e^otiy .out 
- - ^-^^;ri^:rr-ir/s;rri.~ the 

,ate converter module in ''•^/^ Une. The 

calculated ^-^^^J^--^^ once for each line. 

:rra:rl -rcKed also scales VUV components to the 
proper amplitudes required by ITU-R BT.601. 

.he nu^er of samples detected in a horizontal ^ 
less if the input video is a non-standard video. For 
more or less if tne inp . ^ _ ,„„ „a the sampling rate 

example, if the incoming video is from a VCR, and h P 
,3 four times the color sub-carrier f ^ 

, nu^er of samples taken between '"°"7'^ ^^7^^ ,,,, ,3 

Xess than 910, where 910 is the — .°;;77^^^,,„, 

:rrt:r:rrh:=:rrfrom\vc..yvary 

if the video tape has been stretched. 

. time may be accurately measured by 

The horizontal Ime time may 
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detecting two successive horizontal syncs. Each horizontal sync is 
preferably detected at the leading edge of the horizontal sync. In 
other embodiments, the horizontal syncs may be detected by other 
means. For example, the shape of the entire horizontal sync may be 
5 looked at for detection. In the preferred embodiment, the sample 
rate for each line of video has been converted to four times the 
color sub-carrier frequency {4Fsc) by the chroma-locked sample rate 
converter. The measurement of the horizontal line time is 
preferably done at two levels of accuracy, an integer pixel 
10 accuracy and a sub- sample accuracy. 

The integer pixel accuracy is preferably done by counting the 
integer number of pixels that occur between two successive sync 
edges The sync edge is presumed to be detected when the data 
15 crosses some threshold value. For example, in one embodiment of 
the present invention, the analog-to-digital converter (ADC) is a 
10-bit ADC, i.e., converts an input analog signal into a digital 
signal with (2^0 - 1 = 1023) scale levels. In this embodiment, 
the threshold value is chosen to represent an appropriate slicing 
20 level for horizontal sync in the 10-bit number system of the M)C; a 
typical value for this threshold is 128. The negative peak (or a 
sync tip) of the digitized video signal normally occurs during the 
sync pulses. The threshold level would normally be set such that 
it occurs at approximately the mid-point of the sync pulses. The 
25 threshold level may be automatically adapted by the video decoder, 
or it may be set explicitly via a register or other means. 

The horizontal sync tracker preferably detects the horizontal 
sync edge to a sub-sample accuracy of (1/16) th of a pixel in order 
30 to more accurately calculate the sample rate conversion. The 
incoming samples generally do not include a sairple taken exactly at 



77 



51242/JEJ/B600 

the threshold value for detecting horizontal sync edges. The 
horizontal sync tracker preferably detects two successive samples, 
one of which has a value lower than the threshold value and the 
other of which has a value higher than the threshold value . 

After the integer pixel accuracy is determined (sync edge has 
been detected) the sub-pixel calculation is preferably started. The 
sync edge of a horizontal sync is generally not a vertical line, 
but has a slope. In order to remove noise, the video signal goes 
through a low pass filter. The low pass filter generally decreases 
sharpness of the transition, i.e., the low pass filter may make the 
transition from a low level to a high level last longer. 

The horizontal sync tracker preferably uses a sub-sample 
interpolation technique to obtain an accurate measurement of sync 
edge location by drawing a straight line between the two successive 
samples of the horizontal sync signal just above and just below the 
presumed threshold value to determine where the threshold value has 
been crossed. 

Three values are preferably used to determine the sub-sample 
accuracy. The three values are the threshold level (T) , the value 
of the sample that crossed the threshold level (V2) and the value 
of the previous sample that did not cross the threshold level (Vl) . 
The sub-sample value is the ratio of ( T - VI ) / ( V2 - VI ) . In 
the present embodiment a division is not performed. The difference 
(V2-V1) is divided by 16 to make a variable called DELTA. VI is 
then incremented by DELTA until it exceeds the threshold T. The 
number of times that DELTA is added to VI in order to make it 
exceed the threshold (T) is the sub-pixel accuracy in terms of 
1/16''*' of a pixel. 
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For example, if the threshold value T is presumed to be 146 
scale levels, and if the values VI and V2 of the two successive 
samples are 140 and 156, respectively, the DELTA is calculated to 

5 be 1. and the crossing of the threshold value is determined through 
interpolation to be six DELTAS away from the first of the two 
successive samples. Thus, if the sample with value 140 is the nth 
sample and the sample with the value 156 is the {n+l)th sample, the 
(n+(6/16))th sample would have had the threshold value. Since the 

10 horizontal sync preferably is presumed to be detected at the 
threshold value of the sync edge, a fractional sample, i.e., 6/16 
sample, is added to the number of samples counted between two 
successive horizontal syncs. 

15 In order to sample rate convert the current number of input 

pixels Pin to the desired output pixels Pout, the sample rate 
converter module has a sample rate conversion ratio of Pin/Pout. 
The sample rate converter module in the preferred embodiment of the 
line-locked sample rate converter is a polyphase filter with time- 

20 varying coefficients. There is a fixed number of phases (I) in the 
polyphase filter. In the preferred embodiment, the number of 
phases (I) is 33. The control for the polyphase filter is the 
decimation rate (d_act) and a reset phase signal. The line 
measurement Pin is sent to a module that converts it to a 

25 decimation rate d_act such that I/d_act (33/d_act) is equal to 
Pin/Pout. The decimation rate d_act is calculated as follows: 
d_act = (I/Pout)* Pin. 

If the input video line is the standardized length of time and 
30 the four times the color sub-carrier is the standardized frequency 
then Pin will be exactly 910 samples. This gives a sample rate 
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conversion ratio of (858/910). In the present embodiment the 
number of phases (the interpolation rate) is 33. Therefore the 
nominal decimation rate for NTSC is 35 ( = (33/858) ♦ 910 ) . Th.s 
decimation rate d_act may then be sent to the sample rate converter 
5 module. A reset phase signal is sent to the sample rate converter 
module after the sub-sample calculation has been done and the 
sample rate converter module starts processing the current video 
line in the preferred embodiment, only the active portion of 
video is processed and sent on to a time base corrector. This 
10 results in a savings of memory needed. Only 720 samples of active 
video are produced as ITU-R BT.601 output sample rates. In other 
enO^odlments, the entire horizontal line may be processed and 
produced as output. 

15 in the preferred embodiment, the calculation of the decimation 

rate d_act is done somewhat differently from the equation d_act = 
(I/Pout) * Pin. The results are the same, but there are savings to 
hardware. The current line length. Pin, will have a relatively 
small variance with respect to the nominal line length. Pxn xs 

20 nominally 910. it typically varies by less than 62 . For NTSC, 

• M on is less than 5 microseconds. The following 
this variation is less uiiaii 

^ ^^4- - ( iT/vnut) * (Pin - Pin_nominal) ) + 
calculation is done: d.act - ( (1/Pouc; v^x 

d_ac t_nomina 1 

25 This preferably results in a hardware savings for the same 

level of accuracy. The difference (Pin - Pin_nominal) may be 
represented by fewer bits than are required to represent Pin so a 
smaller multiplier can be used. For NTSC. 4.act_nominal is 35 and 
Pin nominal is 910. The value (I/Pout) * (Pin - Pi-^nominal) may now 

30 be called a delta_dec (delta decimation rate) or a second 
adjustment value. 
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Therefore, in order to maintain the output sample rate of 858 
samples per horizontal line, the conversion rate applied preferably 
is 33/(35 + delta_dec) where the samples are interpolated by 33 and 
decimated by (35 . delta_dec) . A horizontal sync tracker 
preferably detects horizontal syncs, accurately counts the number 
of samples between two successive horizontal syncs and generates 
delta_dec . 

If the number of samples between two successive horizontal 
syncs is greater than 910, the horizontal sync tracker generates a 
positive delta_dec to keep the output sample rate at 858 samples 
per horizontal line. On the other hand, if the number of samples 
between two successive horizontal syncs is less than 910, the 
horizontal sync tracker generates a negative delta.dec to keep the 
output sample rate at 858 samples per horizontal line. 

For PAL standard video, the horizontal sync tracker generates 
the delta.dec to keep the output sample rate at 864 samples per 
horizontal line. 

in summary, the position of each horizontal sync pulse is 
determined to sub-pixel accuracy by interpolating between two 
successive samples, one of which being immediately below the 
threshold value and the other being immediately above the threshold 
value. The nuirtoer of samples between the two successive horizontal 
sync pulses is preferably calculated to sub-sample accuracy by 
determining the positions of two successive horizontal sync pulses, 
both to sub-pixel accuracy. When calculating delta.dec, the 
horizontal sync tracker preferably uses the difference between 910 
and the number of samples between two successive horizontal syncs 
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to reduce the amount of hardware needed. 

in an alternate enO^odiment, the decimation rate adjustment 
value, delta_dec, which is calculated for each line, preferably 
goes through a low pass filter before going to the sample rate 
converter module. One of the benefits of this method is filtering 
of variations in the line lengths of adjacent lines where the 
variations may be caused by noise that affects the accuracy of the 
measurement of the sync pulse positions. 

in another alternative embodiment, the input sample clock is not 
free running, but is instead line-locked to the input analog video, 
preferably 27 MHz. The chroma-locked sample rate converter 
converts the 27 MHz sampled data to a sanple rate of four times the 
color sub-carrier frequency. The analog video sxgnal is 
demodulated to luma and chroma component video signals, preferably 
using a comb filter. The luma and chroma component video signals 
are then sent to the line-locked sample rate converter where they 
are preferably converted to a sample rate of 13.5 MHz. In this 
embodiment the 13 . 5 MHz sample rate at the output may be exactly 
one-half of the 27 MHz sample rate at the input. The conversion 
ratio of the line-locked sample rate converter is preferably 
exactly one-half of the inverse of the conversion ratio performed 
by the chroma-locked sample rate converter. 

Referring to FIG. 21, the line-locked SRC 704 preferably 
includes an SRC 770 which preferably is a polyphase filter with 
time varying coefficients. The number of phases is preferably 
fixed at 33 while the nominal decimation rate is 35. In other 
words, the conversion ratio used is preferably 33/(35 . delta_dec) 
where delta.dec may be positive or negative. The delta.dec is a 
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second adjustment value, which is used to adjust the decimation 
rate of the second sample rate converter. Preferably, the actual 
decimation rate and phase are automatically adjusted for each 
horizontal line so that the number of samples per horizontal line 
is 858 (720 active Y samples and 360 active U and V samples) and 
the phase of the active video samples is aligned properly with the 

horizontal sync signals. 

in the preferred embodiment, the decimation (down- sampling) 
rate of the SRC is preferably controlled by a horizontal sync 
tracker 772. Preferably, the horizontal sync tracker adjusts the 
decimation rate once per horizontal line in order to result in a 
correct number and phase of samples in the interval between 
horizontal syncs. The horizontal sync tracker preferably provides 
the adjusted decimation rate to the SRC 770 to adjust the 
15 conversion ratio. The decimation rate is preferably calculated to 
achieve a sub-sample accuracy of 1/16. Preferably, the line-locked 
SRC 704 also includes a YUV scaler 780 to scale YUV components to 
the proper amplitudes required by ITU-R BT.601. 

The time base corrector (TBC) preferably synchronizes the 
samples having the line-locked sample rate of nominally 13.5 MHz to 
the display clock that runs nominally at 13.5 MHz. Since the 
samples at the output of the TBC are synchronized to the display 
clock, passthrough video may be provided to the video compositor 
25 without being captured first. 

TO produce samples at the sample rate of nominally 13.5 MHz, 
the composite video may be sampled in any conventional way with a 
clock rate that is generally used in the art. Preferably, the 
30 composite video is sampled initially at 27 MHz, down sampled to the 
sample rate of 14.318 MHz by the chroma-locked SRC, and then down 
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sailed to the sa^le rate of nondnally 13.5 MHz ^-^j^^/^^j 
SRC. During conversion of the sa^^le rates, the v.deo ae aer uses 
for tindng the 27 MHz cloc. that was usea for input sa^l ng^ The 
27 m. clocK, being free-running, is not looKea to the l.ne rate 
nor to the chroma frequency of the incomng viaeo. 

in the preferred «*oaiment, the aecoded video samples are 

storea in a FIFO the size of one display line of active vxdeo at 

storea in a rx^ bvtes. 



•4-v, ifi bits oer sample or 1440 bytes. 
13.5 MHZ, i.e., 720 samples with 16 bits per s P 

«f i-Vi-i Q FIFO is one display xme 
10 Thus, the maximum delay amount of this FIFO 

.ime with a normal, nominal delay of one-half a ^^P^^ ^ t 
in the preferred en^odiment, video samples are outputted from the 
F at the display cloc. rate that is nominally 13 . 5 ^z^ -ep 
for vertical syncs of the input video, the drsplay "^^-'^^-^^ - 
15 unrelated to the timing of the input video. In alternate 
embodiments, larger or smaller FIFOs may be used. 

Hven though the effective sample rate and the display cloc. 
.ate are both nominally 13.. MHz the rate of - J--^ 
20 entering the FIFO and the display rate are "^^^ 
This discrepancy is due to differences between ^'^^ 
f'eguencies of the effective input sample rate and the drsplay 
ir For exa^^le, the effective input sample rate is nominally 
»,z but it is locKed to operate at SSS times the l^e rat o 
25 the video input, while the display =loc>c operates nomrnally at 13.5 
independently of the line rate of the video xnput. 

/lai-a entering and leaving the FIFO are 

Q-inre the rates or data enuexxny « 

different, the FIFO will tend to either fill up or become 
30 empty, depending on relative rates of the -^--^J^^^^-^ 



data. 



in one embodiment of the present invention, 
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displayed with an initial delay of one-half a horizontal line ti,»e 
at the start of every field. This allows the input and output 
rates to differ up to the point where the Input and output 
horizontal phases may change by up to one-half a horizontal line 
5 time without causing any glitches at the display. 

The FIFO is preferably filled up to approximately one-half 
full during the first active video line of every field prior to 
taking any output video. Thus, the start of each display f.eld 
10 follows the start of every input video field by a fixed delay that 
is approximately e<p.al to one-half the amount of timefor filling 
the entire FIFO. As such, the initial delay at the start of every 
field is one-half a horizontal line time in this embodiment, but 
the initial delay may be different in other embodiments. 

Referring to FIG. 22, the time base corrector (TBC) 72 
includes a TBC controller 164 and a FIFO 166. The FIFO 166 
receives an input video 714 at nominally 13.5 MHz locked to the 
horizontal line rate of the input video and outputs a delayed input 
20 video as an output video 716 that is locked to the display clock 
that runs nominally at 13.5 MHz. The initial delay between the 
input video and the delayed input video is half a horizontal Irne 
period of active video, e.g., 53.5 ^s per active video in a 
horizontal line / 2 = 26.75 Jls for NTSC standard video. 

The TBC controller 164 preferably generates a vertical sync 
(VSYNC) for display that is delayed by one-half a horizontal Une 
from an input VSYNC. The TBC controller 164 preferably also 
generates timing signals such as NTSC or PAL standard timrng 
30 signals. The timing signals are preferably derived from the VSYNC 
generated by the TBC controller and preferably include horizontal 
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sync. The timing signals are not affected by the input video, and 
the FIFO is read out synchronously to the timing signals. Data is 
read out of the FIFO according to the timing at the display side 
while the data is written into the FIFO according to the input 
5 timing. A line reset resets the FIFO write pointer to signal a new 
line. A read pointer controlled by the display side is updated by 
the display timing. 

AS long as the accumulated change in FIFO fullness, in either 
10 direction, is less than one-half a video line, the FIFO will 
generally neither underflow nor overflow during the video fxeld. 
This ensures correct operation when the display clock frequency is 
anywhere within a fairly broad range centered on the nominal 
frequency. Since the process is repeated every field, the FIFO 
15 fullness changes do not accumulate beyond one field time. 

Referring to FIG. 23, a flow diagram of a process using the 
TBC 72 is illustrated. The process resets in step 782 at system 
start up. The system preferably checks for vertical sync (VSYNC) 

20 of the input video in step 784. After receiving the input VSYNC, 
the system in step 786 preferably starts counting the number of 
incoming video samples. The system preferably loads the FIFO m 
step 788 continuously with the incoming video samples. While the 
FIFO is being loaded, the system in step 790 checks if enough 

25 samples have been received to fill the FIFO up to a half full 



state. 



30 



When enough saitples have been received to fill the FIFO to the 
half full state, the system in step 792 preferably generates timing 
signals including horizontal sync to synchronize the output of the 
TBC to the display clock. The system in step 794 preferably 
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outputs the content o£ the FIFO continuously in sync with the 
display clock. The system in step 796 preferably checks for 
another input VSYMC. When another input vertical sync rs detected, 
the process starts counting the nu.4>er of input video sanples agarn 
and starts outputting output video samples when enough input vrdeo 
sanples have been received to make the FIFO half full. 

in other embodiments of the present invention, the FIFO size 
be smaller or larger. The minimum size acceptable xs 
determined by the maxin^ expected difference in the video source 
saK^le rate and the display sa^le rate. Larger FIFOs allow or 
greater variations in sarnie rate timing, however at greater 
expense. For any chosen FIFO size, the logic that generates the 
sync signal that initiates display video fields shou d rncur a 
delay from the input video timing of one-half the delay o£ the 
entire FIFO as described above. However, it is not required that 
the delay be one-half the delay of the entire FIFO. 
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IX. Video Scaler 



in certain applications of graphics and video display 
hardware, it may be necessary or desirable to scale the size of a 
5 motion video image either upwards or downwards. It may also be 
desirable to minimize memory usage and memory bandwidth demands. 
Therefore it is desirable to scale down before writing to memory, 
and to scale up after reading from memory, rather than the other 
way around in either case. Conventionally there is either be 
10 separate hardware to scale down before writing to memory and to 
scale up after reading from memory, or else all scaling is done rn 
one location or the other, such as before writing to memory, even 
if the scaling direction is upwards. 

15 in the preferred embodiment, a video scaler performs both 

scaling-up and scaling-down of either digital video or digitized 
analog video. The video scaler is preferably configured such that 
it can be used for either scaling down the size of video images 
prior to writing them to memory or for scaling up the size of video 

20 images after reading them from memory. The size of the video 
images are preferably downscaled prior to being written to memory 
so that the memory usage and the memory bandwidth demands are 
minimized. For similar reasons, the size of the video images are 
preferably upscaled after reading them from memory. 

25 

in the former case, the video scaler is preferably xn the 
signal path between a video input and a write port of a memory 
controller. In the latter case, the video scaler is preferably m 
the signal path between a read port of the memory controller and a 
30 video compositor. Therefore, the video scaler may be seen to exist 
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in two distinct logical places in the design, while in fact 
occupying only one physical implementation. 

This function is preferably achieved by arranging a 
5 multiplexing function at the input of the scaling engine, wrth one 
input to the multiplexer being connected to the video input port 
and the other connected to the memory read port. The memory wrrte 
port is arranged with a multiplexer at its input, with one input to 
the multiplexer connected to the output of the scaling engine and 
10 the other connected to the video input port. The display output 
port is arranged with a multiplexer at its input, with one 
connected to the output of the scaling engine and the other rnput 
connected to the output of the memory read port. 

in the preferred errbodiment, there are different clock domains 
associated with the video input and the display output functions of 
the chip. The video scaling engine uses a clock that is selected 
between the video input clock and the display output clock (display 
clock) . The clock selection uses a glitch-free clock selectron 
20 logic, i.e. a circuit that prevents the creation of extremely 
narrow clock pulses when the clock selection is changed. The read 
and write interfaces to memory both use asynchronous interfaces 
using FIFOS, so the memory clock domain may be distinct from both 
the video input clock domain and the display output clock domarn. 

Referring to FIG. 24, a flow diagram Illustrates a process of 
alternatively upscaling or downscaling the video input 800. The 
system in step 802 preferably selects between a downscaUng 
operation and an upscaling operation. If the downscaling operation 
is selected, the system in step 804 preferably downscales the input 
video prior to capturing the input video in memory in step 806. If 
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the upscaling operation is selected in step 802, the system in step 
806 preferably captures the input video in memory without scaling 
it. 

Then the system in step 808 outputs the downscaled video as 
downscaled output 810. The system in step 808, however, sends non- 
scaled video in the upscale path to be upscaled in step 812. The 
system in step 812 upscales the non-scaled video and outputs it as 
upscaled video output 814. 

The video pipeline preferably supports up to one scaled video 
window and one passthrough video window, plus one backgrovind color, 
all of which are logically behind the set of graphics windows. The 
order of these windows, from back to front, is fixed as backgroiand, 
then passthrough, then scaled video. The video windows are 
preferably always in YUV format, although they can be in either 
4:2:2 or 4:2:0 variants of YUV. Alternatively they can be in RGB 
or other formats. 

When digital video, e.g., MPEG is provided to the graphics 
display system or when analog video is digitized, the digital video 
or the digitized analog video is provided to a video compositor 
using one of three signal paths, depending on processing 
requirements. The digital video and the digitized analog video are 
provided to the video compositor as passthrough video over a 
passthrough path, as upscaled video over an upscale path and a 
downscaled video over a downscale path. 

Either of the digital video or the analog video may be 
provided to the video compositor as the passthrough video while the 
other of the digital video or the analog video is provided as an 



90 



51242/JEJ/B600 

upscaled video or a downscaled video. For example, the digital 
video may be provided to the video compositor over the passthrough 
path while, at the same time, the digitized analog video is 
downscaled and provided to the video compositor over the downscale 
5 path as a video window. In one embodiment of the present invention 
where the scaler engine is shared between the upscale path and the 
downscale path, the scaler engine may upscale video in either the 
vertical or horizontal axis while downscaling video in the other 
axis. However, in this embodiment, an upscale operation and a 
10 downscale operation on the same axis are not performed at the same 

time since only one filter is used to perform both upscaling and 

downscaling for each axis. 

Referring to FIG. 24 a single video scaler 52 preferably 
15 performs both the downscaling and upscaling operations. In 
particular, signals of the downscale path only are illustrated. The 
video scaler 52 includes a scaler engine 182, a set of line buffers 
178, a vertical coefficient memory 180A and a horizontal 
coefficient memory 180B. The scaler engine 182 is implemented as a 
20 set of two polyphase filters, one for each of horizontal and 
vertical dimensions. 

in one embodiment of the present invention, the vertical 
polyphase filter is a four-tap filter with programmable 

25 coefficients from the vertical coefficient memory 180A. In other 
embodiments, the number of taps in the vertical polyphase filter 
may vary. In one embodiment of the present invention, the 
horizontal polyphase filter is an eight-tap filter with 
programmable coefficients from the horizontal coefficient memory 

30 180B. in other embodiments, the number of taps in the horizontal 
polyphase filter may vary. 
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The vertical and the horizontal coefficient memories may be 
iinplemented in SRAM or any other suitable memory. Depending on the 
operation to be performed, e.g. a vertical or horizontal axis, and 
5 scaling-up or scaling-down, appropriate filter coefficients are 
used, respectively, from the vertical and horizontal coefficient 
memories. Selection of filter coefficients for scaling-up and 
scaling-down operations are well known in the art. 

10 The set of line buffers 178 are used to provide input of video 

data to the horizontal and vertical polyphase filters. In this 
embodiment, three line buffers are used, but the number of the line 
buffers may vary in other embodiments. In this embodiment, each of 
the three line buffers is used to provide an input to one of the 

15 taps of the vertical polyphase filter with four taps. The input 
video is provided to the fourth tap of the vertical polyphase 
filter. A shift register having eight cells in series is used to 
provide inputs to the eight taps of the horizontal polyphase 
filter, each cell providing an input to one of the eight taps. 

20 

In this embodiment, a digital video signal 820 and a digitized 
analog signal video 822 are provided to a first multiplexer 168 as 
first and second inputs. The first multiplexer 168 has two 
outputs. A first output of the first multiplexer is provided to 
25 the video compositor as a pass through video 186. A second output 
of the first multiplexer is provided to a first input of a second 
multiplexer 176 in the downscale path. 

In the downscale path, the second multiplexer 176 provides 
30 either the digital video or the digitized analog video at the 
second multiplexer's first input to the video scaler 52. The video 
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scaler provides a downscaled video signal to a second input of a 
third multiplexer 162. The third multiplexer provides the 
downscaled video to a capture FIFO 158 which stores the captured 
downscaled video. The memory controller 126 takes the captured 

5 downscaled video and stores it as a captured downscaled video image 
into a video FIFO 148. An output of the video FIFO is coupled to a 
first input of a fourth multiplexer 188. The fourth multiplexer 
provides the output of the video FIFO, which is the captured 
downscaled video image, as an output 824 to the graphics 

10 compositor, and this completes the downscale path. Thus, in the 
downscale path, either the digital video or the digitized analog 
video is downscaled first, and then captured. 

FIG. 26 is similar to FIG. 25, but in FIG. 26, signals of the 
15 upscale path are illustrated. In the upscale path, the third 
multiplexer 162 provides either the digital video 820 or the 
digitized analog video 822 to the capture FIFO 158 which captures 
and stores input as a captured video image. This captured video 
image is provided to the memory controller 126 which takes it and 
20 provides to the video FIFO 148 which stores the captured video 
image . 

An output of the video FIFO 148 is provided to a second input 
of the second multiplexer 176. The second multiplexer provides the 

25 captured video image to the video scaler 52. The video scaler 
scales up the captured video image and provides it to a second 
input of the fourth multiplexer 188 as an upscaled captured video 
image. The fourth multiplexer provides the upscaled captured video 
image as the output 824 to the video compositor. Thus, in the 

30 upscale path, either the digital video or the digitized analog 
video is captured first, and then upscaled. 
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Referring to FIG. 27, FIG. 27 is similar to FIG. 25 and FIG. 
26, but in FIG. 27, signals of both the upscale path and the 
downscale path are illustrated. 

X. Blending of Graphics and Video Surfaces 

The graphics display system of the present invention is 
capable of processing an analog video signal, a digital video 
signal and graphics data simultaneously. In the graphics display 
system, the analog and digital video signals are processed in the 
video display pipeline while the graphics data is processed in the 
graphics display pipeline. After the processing of the video 
signals and the graphics data have been completed, they are blended 
together at a video compositor. The video compositor receives 
video and graphics data from the video display pipeline and the 
graphics display pipeline, respectively, and outputs to the video 
encoder ("VEC") . 

The system may employ a method of compositing a plurality of 
graphics images and video, which includes blending the plurality of 
graphics images into a blended graphics image, combining a 
plurality of alpha values into a plurality of composite alpha 
values, and blending the blended graphics image and the video using 
the plurality of composite alpha values. 

Referring to FIG. 28, a flow diagram of a process of blending 
video and graphics surfaces is illustrated. The graphics display 
system resets in step 902. In step 904, the video compositor 
blends the pass through video and the background color with the 
scaled video window, using the alpha value which is associated with 
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the scaled video window. «>e result of this Wendin. ^ 
then blended with the output of the graphics ^'^'^l^^^'^^^^X 
graphics output has been pre-hlended in the graphics "-^^ - 

LLt alpha value fo. jz 

output of the video blend function is multiplied by 

,3 Obtained fro. the graphics j;;:!/, 
video and graphics pixel data stream are added together 
the final blended result. 

X„ general, during blending of different layers ^^'^^^l 
.„.,or Video, every layer ,L1, L2, where LI is the b e, 

l»ver is blended with the composition of all o£ 

Ti::::: brdrigi^ing with . 

.he — ;;:,rofrerri,^ -e 

layer L(i) over the pixels f^i 

Mi) is: R(i) =A(i) . P(i) * d-^'i" 

fivmi are in general different for every 
^e alpha values ' "^^ „r, in so^e 

, layer and for ^^^^ ^[^1^:..^ to apply this formula 

important applications, it is P ^^33^3 in spatial 

should not be processed if these lay 

layer that is to be processed. Processing of the layers 
not to be processed may be undesirable. 
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^- ^1 ^.r^T first would generally require a 
processing the sub3ect layer fxrst w 9 

s^stanttal amount c£ local storage of ^^^J^-^;; 
layer, which »y be prohibitively J^^^J^^^ 
significantly e=cacerbatea when ^^^^ .o be 

processed in front of one or r.ore ayer '^^^ ^^^^ 

A ir. order to implement the formula above directly, 
processed. In order to i n ,, first i e using their 

of the layers would have to be processed ^ 
own local storage and individual processing, before 
blended with the layer behind. 

„ the preferred e^odiment, rather than -^^TJVZ 
,.,ers from bac. to front, all of ^ ^^^^1^, 

^ rr filtered) are layered together first, even 
processed .e^^ filter^. ^^^^ ^^^^^ ,,,,,, ,e 

rs one or more lay ^x^ni.e& with the 

.5 blended, and the conO^rned upper layers a 

other layers that are not^to ^ proces ed^ - ^^^^^ ^^^^^^ 

'\ T 1 rrria that are to undergo processing, 

t^' U 'llyls are to be blended together, using <A,i)> values 
while all 8 layers are ^.j^^^ 

20 that are independent for every ^^^^^^ 

are to be filtered, upper layers, :.ay be "•^Jf^^ 

^r^^iiiri*:^ the video window and passtnrouyi 
lower layers may include tne viu 

v- =.11 of the layers that are to be 
- rC«"'C" - blLed together from 

25 filtered (referred to ^ "^^^^ J „„. alternate 

.acK to front using a P«"^^ ^^J^^ together 

embodiment, two or more of the upper y ^^^^ 
in parallel. The back-most of the upper layers is not 

the back-most layer of the entire operation. 
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in the preferred eirtoodiment, at each stage of the blending, an 
intermediate alpha value is maintained for later use for blending 
with the layers that are not to be filtered (referred to as the 
"lower" layers) . 

The formula that represents the preferred blending scheme is: 

R(i) = A(i) * P(i) * (1- A(i'> * 

and 

ftR(i) = AR(i-l) * (1- A(i)> , , 

«here R<i) represents the color value of the resulting blended 
pixel, P(i) represents the color value of the current pixel, A(r) 
represents the alpha value of the current pixel, P(i-l) represents 
the value at the location of the current pixel of the ccrpos.txon 
of all of the upper layers behind the current pixel, initially thrs 
represents black before any layers are blended, is the alpha 

value resulting from each instance of this operation, and ARU-1) 
represents the intermediate alpha value at the location of the 
current pixel determined from all of the upper layers behxnd the 
current pixel, initially this represents transparency before any 
layers are blended. AR represents the alpha value that will 
subsequently be multiplied by the lower layers as indicated below 
and so an AR value of 1 (assuming alpha ranges from 0 to 1) 
indicates that the current pixel is transparent and the lower 
layers will be fully visible when multiplied by 1. 

in other words, in the preferred embodiment, at each stage of 
blending the upper layers, the pixels of the current layer are 
blended using the current alpha value, and also an intermedrate 
alpha value is calculated as the product (l-A(i)) • (AR(i-l)). The 
key differences between this and the direct evaluation of the 
conventional formula are: (1) the calculation of the product of the 
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set of ((l-A(i))) for the upper layers, and (2, a virtual 
transparent black layer is used to initialize the process for 
blendin. the upper layers, since the lower layers ^^^^ J"^^"^ 
normally be blended with the upper layers are not used at 
point in this process. 

The calculation of the product of the sets of ( (1-Mi) ) for 
the upper layers is inplemented, in the preferred einbodiment , by 
repeatedly calculating mi) - AR,i-l) * (l-Ad) > at each layer^ such 
that when all layers (i> have been processed, the result .s that 
= the product of all (l-A(i)) values for all upper layers. 
Alternatively in other e*odi.ents. the con^site alpha value or 
each pixel of blended graphics may be calculated directly as the 
product of all (1-alpha value of the corresponding pxxel of the 
graphics image on each layer! 's without generating an interr^drate 
alpha at each stage. 

TO complete the blending process of the entire series of 
layers, including the upper and lower layers, once the upper layers 
have been blended together as described above, they may be 
processed as desired and then the result of this processrng. a 
con^slte intermediate image, is blended with the lower layer or 
layers. In addition, the resulting alpha values preferably 
also processed in essentially the san« way as the Image components^ 
The lower layers can be blended in the conventional fashion, so at 
some point there can be a single i.r«ge representing the lower 
layers. Therefore two images, one representing the upper layers 
and one representing the lower layers can be blended together. In 
this operation, the AR(n, value at each pixel that results from the 
, blending of the upper layers and any subsecp^ent processing rs used 
to be multiplied with the conposite lower layer. 
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10 



Mathematically this latter operation Is as follows: let L(u) 
he the composite upper layer resulting tror» the process descrrhed 
above and after any processing, let AE(u. be the co,^osrte alpha 
value of the upper layers resulting fro. the process above and 
after any processing, let L(l) be the co^osite lower layer that 
results from blending all lower layers in the conventronal f asMon 
and after any processing, and let Result be the final result of 
blending all the upper and lower layers, after any P---"^^ 
Then, Result - L.u, . AR.u, • L.l). L.u, does not 
multiplied by any additional alpha values, s.nce all such 
.^Itiplication operations were already per£orn,ed at an earUer 



Stage, 



15 



20 



25 



30 



in the preferred embodiment, a series of images makes up the 
upper layers. These are created by reading pixels from memory, as 
Ta conventional graphics display device. Each pixel - 
into a co,»„on format if it is not already in that format, .n thrs 
exar^le the VUV for,.t is used. Each pixel also has an alpha valu 
associated with it. The alpha values can come from a varrety of 
sources, including (1) being part of the pixel value read from 
Lory ,2, an element in a color loo.-up table ,C.OT, .n cases 
where the pixel format uses a CLOT (3) calculated from the prxel 
.olor value, e.g. alpha as a function of y, (4, 

Keying function, i.e. some pixel values are transparent J^^^^ 
- 0, and others are opa*.e (alpha = 1) based on a comparxson of the 
pi.el value with a set of reference values, (5, an alpha value may 
be associated with a region of the image as described externally^ 
such as a rectangular region, described by the four corners of th 
rectangle, may have a single alpha value associated wrth rt, (6) 
some combination of these. 
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The upper layers are preferably composited in memory storage 
buffers called line buffers. Each line buffer preferably is sized 
to contain pixels of one scan line. Each line buffer has an 
element for each pixel on a line, and each pixel in the line buffer 
has elements for the color components, in this case Y, U and V, and 
one for the intermediate alpha value AR. Before compositing of 
each line begins, the appropriate line buffer is initialized to 
represent a transparent black having already been composited into 
the buffer; that is, the YUV value is set to the value that 
represents black (i.e. Y = 0, U = V = 128) and the alpha value AR is 
set to represent (1- transparent) = (1-0) = 1. 

Each pixel of the current layer on the current line is 
combined with the value pre-existing in the line buffer using the 
formulas already described, i.e., 
R(i) = A(i) * P(i) + (1 - A(i)) * P{i-1) 

and 

AR(i) = AR(i-l) * (1 - A(i) ) . 

in other words, the color value of the current pixel P(i) is 
multiplied by its alpha value A(i) , and the pixel in the line 
buffer representing the same location on the line P(i-l) xs read 
from the line buffer, multiplied by (l-A(i)), and added to the 
previous result, producing the resulting pixel value R(i) • Also, 
the alpha value at the same location in the line buffer (AR(i-l)) 
is read from the buffer and multiplied by (l-A(i)), producing 
AR{i) . The results R(i) and AR(i) are then written back to the 
line buffer in the same location. 
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^.n multiplying a YUV value by an alpha value between 0 and 
..e o«set nature of the . an. V values should p.efe.ab^ - 
accounted for. In other words, u = V = 128 represents a lack of 
o r La it is the value that should result fro. a color value 
5 being :-».ltiplied by 0. This can he done in at least two ways. In 
D Deiiiy mux J- v-^^ 19Q iQ s\ibtracted from the 

one embodiment of the present invention, 128 .s subt 
„ eu^d V values before multiplying by alpha, and then 128 rs added 
to the result. In another e^odi^ent, U and V values are d.rec ly 
^lUplied by alpha, and it is ensured that at ^ 
10 entire co.*ositing process all of the coeffrcrents -^^^^^'-^^J 
and V sum to 1, so that the offset 128 value rs not distorted 

significantly. 

.ach Of the layers in the group of upper layers is pref erably 
T ■ ^ v.„f f*=.r starting with the back-most of the 

::::i::r:"::;rre:r:o:i.= - - 

ofthe upper layers has been composited ^ 
this way, a single hardware block, i.e., the dispxay 

ed to inclement the for™.la above for all of the -- ^^ 

20 this arrangement, the graphics compositor -^.ne preferably 
l!lrates at a clock fre„ that is substantially higher than he 

redisplay rate. In one e^odiment of the P-^^ ^ 

4-^^ «lMHz while the pixex 

graphics compositor engine operates at 81MHz wn 

display rate is 13.5 MHz. 
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11 t-Vio lines in the entire image. 
This process repeats for all of the lines 

starting at the top scan line and P---^- " t/Zr:, ^el 
the conpositing of each scan Une rnto a UneJ.u£fe 

i^*-^ri 1-he scan line becomes available tor use m y 
"l as filtering or scaling. Such processing may be performed 
lue subse-^ent'scan lines are being composited into other Une 



101 



51242/JEJ/B600 

buffers, various processing operations may be selected such as 
anti-flutter filtering and vertical scaling. 

in alternative embodiments more than one graphics layer may be 
composited simultaneously, and in some such embodiments it is not 
necessary to use line buffers as part of the compositing process. 
If all upper layers are composited simultaneously, the combination 
of all upper layers can be available immediately without the use of 
intermediate storage. 

Referring to FIG. 29, a flow diagram of a process of blending 
graphics windows is illustrated. The system preferably resets in 
step 920. in step 922, the system preferably checks for a vertical 
sync (VSYNC) . If a VSYNC has been received, the system m step 924 
preferably loads a line from the bottom most graphics window into a 
graphics line buffer. Then the system in step 926 preferably 
blends a line from the next graphics window into the line buffer. 
Then the system in step 928 preferably determines if the last 
graphics window visible on a current display line has been blended. 
If the last graphics window has not been blended, the system 
continues on with the blending system in step 926. 

If the last window of the current display line has been 
reached, the system preferably checks in step 930 to determine if 
the last graphics line of a current display field has been blended. 
If the last graphics line has been blended, the system awaits 
another VSYNC in step 922. If the last graphics line has not been 
blended, the system goes to the next display line in step 932 and 
repeats the blending process. 

Referring to FIG. 30, a flow diagram of a process of receiving 
blended graphics 950, a video window 952 and a passthrough video 
954 and blending them. A background color preferably is also 
blended in one embodiment of the present invention. As step 956 
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indicates, the video compositor preferably displays each pixel as 
they are composited without saving pixels to a frame buffer or 
Other memory. 

When the video signals and graphics data are blended in the 
video compositor, the system in step 958 preferably displays the 
passthrough video 954 outside the active window area first. There 
are 525 scan lines in each frame and 858 pixels in each scan Ixne 
of NTSC standard television signals, when a sample rate of 13.5MHz 
is used, per ITU-R Bt.601. An active window area of the NTSC 
standard television is inside an NTSC frame. There are 625 scan 
lines per frame and 864 pixels in each scan line of PAL standard 
television, when using the ITU-R Bt.601 standard sample rate of 
13.5MHZ. An active window area of the PAL standard television is 
15 inside a PAL frame. 

Within the active window area, the system in step 960 
preferably blends the background color first. On top of the 
background color, the system in step 962 preferably blends the 
portion of the passthrough video that falls within the active 
window area. On top of the passthrough window, the system m step 
964 preferably blends the video window. Finally, the system m step 
968 blends the graphics window on top of the composited video 
window and outputs composited video 970 for display. 
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interlaced displays, such as televisions, have an inherent 
tendency to display an apparent vertical motion at the horizontal 
edges of displayed objects, with horizontal lines, and on other 
points on the display where there is a sharp contrast gradient 
30 along the vertical axis. This apparent vertical motion is 
variously referred to as flutter, flicker, or judder. 
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While some image elements can be designed specifically for 
display on interlaced TVs or filtered before they are displayed, 
when multiple such image objects are combined onto one screen, 
there are still visible flutter artifacts at the horizontal top and 
bottom edges of these objects. While it is also possible to 
include filters in hardware to minimize visible flutter of the 
display, such filters are costly in that they require higher memory 
bandwidth from the display memory, since both even and odd fields 
should preferably be read from memory for every display field, and 
they tend to require additional logic and memory on-chip. 



One embodiment of the present invention includes a method of 
reducing interlace flutter via automatic blending. This method has 

15 been designed for use in graphics displays device that composites 
visible objects directly onto the screen; for example, the device 
may use windows, window descriptors and window descriptor lists, or 
similar mechanisms. The top and bottom edges (first and last scan 
lines) of each object (or window) are displayed such that the alpha 

20 blend value (alpha blend factor) of these edges is adjusted to be 
one-half of what it would be if these same lines were not the top 
and bottom lines of the window. 



30 



For example, a window may constitute a rectangular shape, and 
the window may be opaque, i.e. it's alpha blend factor is 1, on a 
scale of 0 to 1. All lines on this window except the first and 
last are opaque when the window is rendered. The top and bottom 
lines are adjusted so that, in this case, the alpha blend value 
becomes 0.5, thereby causing these lines to be mixed 50% with the 
images that are behind them. This function occurs automatically in 
the preferred implementation. Since in the preferred 
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i^^le^entation, windows are rectan^la. o.:ect3 ^-^^ ^^^^/^ 
directly onto the screen, the locations o£ the top and bottom Unes 
of every window are already known. 

in one e,*odi,nent. the function of dividing the ^iP^a blend 
values for the top and bottom lines by two is ^■^'-^^^\°'''lJ°^ 
L top fields of the interlaced display. In another e^odr^ent^ 
he function of dividing the alpha blend values for the top and 
botto. lines by two is in.le.ented only for the botto. fields of 
10 the interlaced display. 

in the preferred en^odiment, there exists also the ability to 
alpha blend each window with the windows behind it. and thrs alpha 
aipna Dxeim therefore for every scan 

value can be adjusted for every pxxel, and therefor 
15 line These characteristics of the application desxgn are used 
15 line. Tne reduction effect is implemented by 

advantageously, as the flutter reauc 

controlling the alpha blend function using rnfor^tron that 
readily available from the window control logic . 

20 in a specific illustrative exa:,ple, the window is -1^^ °^^^^ 

„hite, and the image behind it is solid opa^e blaC. In ^ 
absence of the disclosed method, at the top and botto. edges of the 
there would be a sharp contrast between blaOc and whrte an 
When displayed on an interlaced ^^-^^^^^^I'lZ ^^^^ 
2S visible, using the disclosed method, the top and bottom l.nes a e 
blended 50% with the background, resulting in a color that .s 
h itay between black and white, or gray. When ^^-^-^^ - J 
Tnterlaced TV, the apparent visual location of the top an bet om 
edges of the oMect is constant, and flutter is not apparent. 
30 same effect applies e,^ally well for other image exa^les. 
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The method of reducing interlace flutter of this embodiment 
does not require any increase in memory bandwidth, as the alternate 
field (the one not currently being displayed) is not read from 
memory, and there is no need for vertical filtering, which would 
have required logic and on-chip memory. 

The same function can alternatively be implemented in 
different graphics hardware designs. For example in designs using a 
frame buffer (conventional design) , graphic objects can be 
composited into the frame buffer with an alpha blend value that is 
adjusted to one-half of its normal value at the top and bottom 
edges of each object. Such blending can be performed in software or 
in a blitter that has a blending capability. 

XI. Anti-Flutter Filtering / Vertical Scaling 

In the preferred embodiment, the vertical filtering and anti- 
flutter filtering are performed on blended graphics by one graphics 
filter. One function of the graphics filter is low pass filtering 
in the vertical dimension. The low pass filtering may be performed 
in order to minimize the "flutter" effect inherent in interlaced 
displays such as televisions. The vertical downscaling or 
upscaling operation may be performed in order to change the pixel 
aspect ratio from the square pixels that are normal for computer, 
Internet and World Wide Web content into any of the various oblong 
aspect ratios that are standard for televisions as specified in 
ITU-R 601B. In order to be able to perform vertical scaling of the 
upper layers the system preferably includes seven line buffers. 
This allows for four line buffers to be used for filtering and 
scaling, two are available for progressing by one or two lines at 
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the end of every line, and one £or the current compositing 

Operation. 

M,en scaling or filtering are performed, the alpha values in 
the line buffers are filtered or scaled in the same way a= the YUV 
values, ensuring that the resulting alpha values correctly 
represent the desired alpha values at the proper location. Either 
or both of these operations, or neither, or other processing, may 
be performed on the contents of the line buffers. 

once the optional processing of the contents of the line 
buffers has been completed, the result is the completed set of 
upper layers with the associated alpha value (product of (l-A(r)). 
These results are used directly for compositing the upper layers 
with the lower layers, using the formula: Result = L(u) - AE(u) * 
Ld) as explained in detail in reference to blending of graphics 
and video. If the lower layers require any processing independent 
of processing retired for the upper layers or for the resulting 
image, the lower layers are processed before being combined wrth 
the upper layers, however in one embodiment of the present 
invention, no such processing is required. 

Each of the operations described above is preferably 
implemented digitally using conventional ASIC technology. As part 
of the normal ASIC technology the logical operations are segmented 
into pipeline stages, which may require temporary storage of logic 
values from one clock cycle to the next. The choice of how many 
pipeline stages are used in each of the operations described above 
is dependent on the specific ASIC technology used, the clock speed 
chosen, the design tools used, and the preference of the designer 
and may vary without loss of generality. In the preferred 
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embodiment the line buffers are implemented as dual port memories 
allowing one read and one write cycle to occur simultaneously, 
facilitating the read and write operations described above while 
maintaining a clock frequency of 81MHz. In this embodiment the 
compositing function is divided into multiple pipeline stages, and 
therefore the address being read from the memory is different from 
the address being written to the same memory during the same clock 
cycle. 

Each of the arithmetic operations described above in the 
preferred embodiment use 8 bit accuracy for each operand; this is 
generally sufficient for providing an accurate final result. 
Products are rounded to 8 bits before the result is used in 
subsequent additions. 

Referring to FIG. 31, a block diagram illustrates an 
interaction between the line buffers 504 and a graphics filter 172. 

The line buffers comprises a set of line buffers 1-7 506a-g. The 
line buffers are controlled by a graphics line buffer controller 
over a line buffer control interface 502. In one embodiment of the 
present invention, the graphics filter is a four-tap polyphase 
filter, so that four lines of graphics data 516a-d are provided to 
the graphics filter at a time. The graphics filter 172 sends a 
line buffer release signal 516e to the line buffers to notify that 
one to three line buffers are available for compositing additional 
graphics display lines. 

In another embodiment, line buffers are not used, but rather 
all of the upper layers are composited concurrently. In this case, 
there is one graphics blender for each of the upper layers active 
at any one pixel, and the clock rate of the graphics blender may be 
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approximately equal to the pixel display rate. The clock rate of 
the graphics blenders may be somewhat slower or faster, if FIFO 
buffers are used at the output of the graphics blenders. 

The mathematical formulas implemented are the same as in the 
first embodiment described. The major difference is that instead 
of performing the compositing function iteratively by reading and 
writing a line buffer, all layers are composited concurrently and 
the result of the series of compositor blocks is immediately 
available for processing, if required, and for blending with the 
lower layers, and line buffers are not used for purposes of 
compositing. 

Line buffers may still be needed in order to implement 
vertical filtering or vertical scaling, as those operations 
typically require more than one line of the group of upper layers 
to be available simultaneously, although fewer line buffers are 
generally required here than in the preferred embodiment. Using 
multiple graphics blenders operating at approximately the pixel 
rate simplifies the implementation in applications where the pixel 
rate is relatively fast for the ASIC technology used, for example 
in HDTV video and graphics systems where the pixel rate is 74.25 
MHz. 

XII. Unified Memory Architecture / Real Time Scheduling 

Recently, improvements to memory fabrication technologies have 
resulted in denser memory chips. However memory chip bandwidth has 
not been increasing as rapidly. The bandwidth of a memory chip is 
a measure of how fast contents of the memory chip can be accessed 
for reading or writing. As a result of increased memory density 
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without necessarily a co».ensurate increase in bandwidth, in many 
conventional system designs multiple memory devices are used for 
different functions, and memory space in some memory modules may go 
unused or is wasted. In the preferred embodiment, a unified memory 
5 architecture is used. In the unified memory architecture, all the 
tasks (also referred to as "clients-), including CPU, display 
engine and 10 devices, share the same memory. 

The unified memory architecture preferably includes a memory 
10 that is shared by a plurality of devices, and a memory revest 
arbiter coupled to the memory, wherein the memory request arbiter 
performs real time scheduling of memory requests from different 
devices having different priorities. The unified memory system 
assures real time scheduling of tasks, some of which do not 
,5 inherently have pre-determined periodic behavior and provides 
access to memory by re<Taesters that are sensitive to latency and do 
not have determinable periodic behavior. 

in an alternate embodiment, two memory controllers are used in 
20 a dual memory controller system. The memory controllers may be 16- 
bit memory controllers or 32-bit memory controllers. Each memory 
controller can support different configuration of SDRM. device 
types and banks, or other forms of memory besides SDRAM. A f.rst 
memory space addressed by a first memory controller is preferably 
25 adjacent and contiguous to a second memory space addressed by a 
second memory controller so that software applications view the 
first and second memory spaces as one continuous memory space. The 
first and the second memory controllers may be accessed 
concurrently by different clients. The software applications may 
30 be optimized to improve performance. 



110 



1^ 



51242/JEJ/B600 

Por exanple, a graphics memory may be allocated through the 
nrst me^^ry controller while a CPU m«„ory is allocated through the 
second memory controller. While a display engine is --ss.ng he 
first memory controller, a CPU n.y access the second memory 
controller at the same time. ^ere£ore, a memory access latency of 
the CPU is not adversely affected in this instance by memory be.ng 
accessed by the display engine and vice versa. In this exanple the 
CPU may also access the first me„»ry controller at approximately 
the sale time that the display engine is accessing the first memory 
controller, and the display controller can access memory from the 
second memory controller, thereby allowing sharing of memon- across 
different functions, and avoiding rc^ny copy operatrons that may 
otherwise be required in conventional designs . 

Referring to FIG. 32, a dual memory controller system services 
memory rec^ests generated by a display engine ^"'' Z 
graphics accelerator 1124 and an input/output '^^-'^ '''' ^2 
provided to a memory select bloc. 1100. The memory select blocK 
1100 preferably routes the memory re^raests to a first arbrter 1 02 
or to a second arbiter 1106 based on the address of the revested 
memory. The first arbiter 1102 sends memory requests to a f.rst 
l^^ controller 1104 while the second arbiter 1106 sends memory 
.e^ests to a second memory controller HOB. The desrgn of 
„Mters for handling requests from tas.s with different prrorrtxes 
is well known in the art. 

The first memory controller preferably sends address and 
control signals to a first external SDR^ and receives a first data 
from the first external SDRAM. The second memory -"^-"^ 
, preferably sends address and control signals to a J 

SDr;^ and receives a second data from the second external SDRAM. 
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The first and second memory controllers preferably provide first 
and second data received, respectively, from the first and second 
external SDRMte to a device that requested the received data. 

The first and second data from the first and second memory 
controllers are preferably multiplexed, respectively, by a first 
multiplexer 1110 at an input of the display engine, by a second 
multiplexer 1112 at an input of the CPU, by a third multiplexer 
1114 at an input of the graphics accelerator and by a fourth 
multiplexer 1116 at an input of the I/O module. The .maltiplexers 
provide either the first or the second data, as selected by memory 
select signals provided by the memory select block, to a 
corresponding device that has requested memory. 

An arbiter preferably uses an improved form of real time 
scheduling to meet real-time latency recnairements while improving 
performance for latency-sensitive tasks. First and second arbiters 
may be used with the flexible real time scheduling. The real time 
scheduling is preferably implemented on both the first arbiter and 
the second arbiter independently. 

When using a unified memory, memory latencies caused by 
coveting memory rec^aests by different tasks should P««-f J^^ 
addressed. In the preferred ercbodiment, a real-time =*edu ing and 
arbitration scheme for unified memory is inplemented. such that all 
tasks that use the unified memory meet their real-time 
requirements. With this innovative use of the unified memory 
architecture and real-time scheduling, a single unified '^^Z 
provided to the CPU and other devices of the graphics display 
system without compromising ^ality of graphics or other "P--'-- 
and while simultaneously minimizing the latency experienced by the 

CPU. 
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The rnethodology used preferably inple^ents real-time 
schedulin, usin. Kate Honotonic Schedulin, (»^S-. It - a 
^the:,.tical approach that allows the --'"f /'^^J.^^^',! 

™t sched.ie= o. 

rr-Trarr™;:^ r :i . ^^^^ - — 

ca=e scenario, and this simulation is siople enough that it can be 
Z hand. BMS, as normally applied, „..es a nu^r of 
simplifying assumptions in the creation of a prror.ty Irst. 

in the normal ms assu,ptions, all tasks are assumed to have 

V » ramiest for service is made by the 

constant periods, ^^'^ , latency tolerance 

L — ~ -:::,r::;rhr b~ :terefy 

rarsSd.™: rem:::tr of one-e^odlm^t of the pres^ 
invention, the above assu-^tions have been modified, as 

^''°"ln the ms method, all tasks are generally listed along with 

example, flipping a com. 

proof of correctness, i.e. the guarantee that all ^--^^ 
.heirTeldlines, is constructed by -^V-n. - be a. or of ^th^ 
system when all tasks re<^est " ,,3, 

, this time is called the "critical instant . This is 
scenario, which may not occur m even a very 
simuLti;ns of normal operation, or perhaps it may never occur n 
Lrmal operation, however it is presumed to ^^^'^^'J^J^ 
task is serviced, it uses the shared resource, memory clock cy 
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10 



15 



P^esent invention, in t.e .e..ee f ^le" 

tasks meet their deadlines, the =V=te. .sjuar^teed 
tasks' deadlines under all conditions, since the 
analysis simulates the worst case. 

worst case conditions. 

T i-3c:Vs are assumed to have 

in the RMS methodology, real-time tasks are 
in ^ the latency tolerance are 

periodic requests, and the per requests may not be in 

assumed to have the same value. S.nce ^ ^^^^^^^ 

fact periodic, it is fearer to speak ^^^^^^ 

rrtild^- ^^^^^^^ — 

guaranteea no . ^ ^ shorter than the minimum interval . 

between them that is any shorter tnan c 

The deadline, or the latency tolerance, is ^^^^ " 
time that pass between the moment a task 

...vice and the time ^/^l,, m a data path 

; impairing the function of the task^ F ^^^^^^ 
„ith a constant rate source 'J™" is enough 

rerrot'i:::.: .r overfio„ -^-^Uerjor::: 

0 supporting a data sink) . If service is not co^l ^^^^ 
FIFO overflows (or underflows in the case of a data sink) 
is impaired. 



114 



51242/JEJ/B600 



in the HMS .ethoaology, those tas.s that do -^l^^ Tl^^ 

-^f^r-ahiv arouped together and servea 
real-ti.e constraints server", which 

with a single master Arbitration within 

itself has the lowest pr.orxty in the system. ^^^.essed by 

^ hasks served by the sporadic server is not aaa 
the set of tasks serve J real-time matter. Thus, all 

the RMS methodology, since It IS not a r resource 

i-^^ve served whenever tnere i!= 

non-real-time ^^^^ ^^^J 3,,,^,, one of them is not 

available, however the latency or s 

guaranteed . 

.0 i^^le^ent real-ti»e scheduUn. based on the 
m +-V10 t-;^qks or clients that neea 
.ethodolo^, " rnecessarilv in any particular 

memory are preferably Usted n ^^^^^ preferably 

order. «ext. the P-^^ °^ J^*^ re<^irementB (in 

determined. For those with specrfic p^ferably 
bytes per second of memory access) , the per 
calculated from the bandwidth and the ---J f/^.^,^ 

is different from the period for any ^^^^I'^^^' ^^H^ ,^ Usted 

^'':/tr:::.T~:asrth: :::i:;:e'::irement is the 

:rr:rm:-oc. cycle r^^^^^^^^^^ 

r^'^risnrsroTp ortr from highest to lowest, xf 
the result is tne sei. ^ given 

there are multiple tas.s with the same ^^^ll^^^^ ^^er within 
different, adjacent priorities "^f ^.^^^ „i,, , single 



same priority. 



tasks Sharing the unified memory do not all 

ha.e rrun:::^i: - rT:i:^^ rsTt 

invention, a bloc, out ^ rr ttrceTbounded mini:«. 
::r.ri,r^irtra p^r^, on that tas.. .or e^le a bloc. 
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• w-ii-h the CPU has been implemented in this 

1 ^^rr/e — riel ... <>o^ an available 

' les for example by causing a never-ending stream of 
memory cycles, for exampi y 

cache misses and memory re<juests. At >^^« 

performance is determined largely by ^f^^J ^'.^^ ,\ 

access- and so the CPU performance would be less than P 

all rPu'memcry accessed were consigned to a sporadrc server, ..e., 

at the lowest priority. 

vv,« rpn task has been converted into two 
in this embodiment, the CPU tasK nas u 

. t LTLVa^r r ri-a^^^rti r si: 
ra-eTrtrrth: is 

again until the block out timer has timed out. I" 

tL CPO task has the top priority. In other embodiments the CPU 

r accomodate different system configurations with different 
memory widths or other options. 

in one errbodiment of the present invention the block out 

.imer is started when the CPU makes a high ^^--^^^^-tre- hi h 

another e^odiment, the block out timer is 

priority revest by ^J--^^,,^:^ interval between 
^tir t"pr"rrr^est L ^de and the time the high 
priority request is serviced. 

^ second CPU task is preferably serviced by a sporadic server 
. , Therefore if the CPU makes a long string 

, in a round-robin manner^ The-fore i ^ ^^^^ ^^.^^^^^ 

of memory requests, the first one 
task, and subsequent requests are J 
sporadic server whenever none of the real time t 
pending, until the CPU block out timer times out. In 
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of the present invention, the graphics accelerator 2\Z7Z 
IX are also capable of revesting more me^r^ry cycles than 
irilahle, and so they too use similar hloc. out tr^er. 

the CPU read and »rite functions are grouped 
5 For example, the ^ ^ theoretical 

together and treated as - p.ogra».hle via a hlocK 

latency bound of 0 and a perio considered to have 

out timer, as described above. A second tas^ ^^J^l of tasks 
no period and no deadline, and it rs grouped xnto t,e s 
.0 served by the sporadic server vra a ^^^^ ^l^^J^ 
priority. The CPU uses a programmable block out time 
priority requests in this embodiment. 

.or another exa^^le, a graphics display ^ ^ ^^^P irelTt 

, a constant bandwid^^ - " » ^ ' ,:ir:rdiment of the 

13.5MHZ. However, the graphics Dan MB/ s to a 

P-ent -entioncanvary Widely f rom much less^^^^^^ 

much greater (xgure, but 27 i„ one 

assuring support of a range of ^f.^^'^""""" 3 display task 

, ^- ^ i-hf^ oresent invention, the grapnics ^j. f j 
20 embodiment of the prese 

^ Vxi rsr-v out timer that entor(-t;& « 
utilizes a block out additional requests are 

between high priority requests, while 
serviced on a best-effort basis by the sporadic server 
priority round robin manner. 

25 , . PIG 33, a block diagram illustrates an 

Referring to FIG^ 33 ^^^^^ methodology. 

implementation of a ---^J^^ preferably coupled to an input of a 
A CPU service request 1138 is pretera y 

inn anri a sDoradic server 113b. uu.^y 
block out timer 1130 and a sporaa , , arbiter 1132 as a 

^- ^ ic5 oreferably coupled to an aroicei 

30 block out timer 1130 is prefera y ^^^^ 

high priority service rec^est ^-^^ ^ , 
coupled to the arbiter as input. ^ outp. ^ ^^^^^^^^ 
request for service of a task tnac n<a 
all tasks that have a pending memory request. 
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in FIG 33, only the CPU service request 1138 is coupled to a 
^oJl^^r. in other e,.odi.ents, ^^--'^^^^^r ^e 

tasKs be coupled to their -^P-^^^. 

s block out timers are used to enforce a minimum interval between t«o 
successfve accesses by any hi* priority task that is — P-^^^ 
Tt may re-^ire expedited servicing. Two or more such hi,h 
priority tasks a«y be coupled to their respective block ™ 
!n one en^odiment of the present invention. Devices that are 

,0 oupTea to their respective block out timers as high priority t sk 
may include a graphics accelerator, a display engine, and other 
devices . 

in addition to the CPU recraest 1138, low priority tasks 1140a- 

n^nner. The sporadic server sends a memory rec^est 1142 
arbiter for the next low priority task to be serviced. 

Keferring to FIG. 34, a timing diagram illustrates 
.e^ests and services in case of a continuous CPU rec^est 114^ n 
rr'tice, the CPU rec^est is generally not continuous, but IG^ 4 

Ls been provided for illustrative purposes. In ^^^^^^f^ 
has been p ^^^^ started upon a 

represented m FIG. 34, a dxock vjuu 

iiAQ bv the CPU. At time to, the CPU 

" rtrrtri":;^re":i serTce ^-=^--^rthe^l:fk 

priority service revest ^Z^^^ 
:i:rre;:t\s™hetoro:^ timer 11.S is tart . 

V »r,H t-ime ti the memory controller finishes 
30 Between time to and time ti, 

servicing a memory request from another task. The Cpu 
servicing y preferred embodiment, the duration of 

serviced at time t^. In the prefer duration of 

the block out timer is programmable. For example, 
the block out timer may be programmed to be 3 Jis. 
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10 



adaltional high priority CPU revest 114 blocked out 

low priority revest 1150 i. handled by a sporadic ^^^^^J^ ^ 
„und robin « between time t. and tine t.. The 
recraest 1150 Is active as long as the CPU service request is 
loTZ Since the CPU service revest 1U6 is continuous ano her 
h gh piiority service revest 1149 is n«de b. the CPU and the bloc. 
::rt!::r is started again as soon as the bloc. - 
at ti.ne t,. The high priority service revest '^^^J^^^^^^Z 
time t. is serviced at time t, when the memory controller finishes 
■ „^v,»r- task until the block out timer times out at 

servicing another task, until handled by the 

time t„ the CPU low priority request 1150 '^^^^^^^^ ^Icc^ei 
sporadic server while the CPU high priority request 1149 is 



15 out . 



25 



;„other high priority service re<^est is .ade and the block 
out timer 1148 is started again when the block out "-"^^^ 
out at time t,. At time ts, the high priority service request 1149 

ouc at. uxuic ^4 -ui^^v r^^^i- h 1 mer does 



out at time t,. ^i.- - - ■ ^^^3 
20 made by the CPU at time t, is serviced. The block ou 

not time out until time t,. However, the block out "-'^ - - 
the path of the CPU low priority service re<^est ^^J^^^^'^^J 
aoes not block out the CPU low priority service revest, ^us^ 
while the block out timer is still running, a low priority service 
^e^est made by the CPU is handled by the sporadic server, and 
serviced at time te- 

When the block out timer 1148 times out at '^''^J^' ''J^ 
started again and yet another high priority ---^J^-^^: 
30 by the CPU, since the CPU service revest is continuous The high 
priority service re<riest 1149 made by the CPU "/^^ 
service! at time t.. «hen the block out ti:,«r times out a^ time 
the high priority service revest is once again made by the CPU and 
the block out timer is started again. 
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The schedule that results from the task set and priorities 
above is verified by simulating the system performance starting 
from the "critical instant", when all tasks request service at the 
same time and a previously started low priority task is already 
underway. The system is proven to meet all the real-time deadlines 
if all of the tasks with real-time deadlines meet their deadlines. 
Of course, in order to perform this simulation accurately, all 
tasks make new requests at every repetition of their periods, 
whether or not previous requests have been satisfied. 

Referring to FIG. 35, a timing diagram illustrates an example 
of a critical instant analysis. At time to, a task 1 1156, a task 
2 1158, a task 3 1160 and a task 4 1162 request service at the same 
time. ' Further, at time to, a low priority task 1154 is being 
serviced. Therefore, the highest priority task, the task 1, cannot 
be serviced until servicing of the low priority task has been 
completed. 

When the low priority task is completed at time ti, the task 1 
is serviced. Upon completion of the task 1 at time t2, the task 2 
is serviced. Upon completion of the task 2 at time ta, the task 3 
is serviced. Upon completion of the task 3 at time U. the task 4 
is serviced. The task 4 completes at time ts, which is before the 
start of a next set of tasks: the task 1 at te, the task 2 at t,, 
the task 3 at ts, and the task 4 at tg. 

For example, referring to FIG. 36, a flow diagram illustrates 
a process of servicing memory requests with different priorities, 
from the highest to the lowest. The system in step 1170 makes a 
CPU read request with the highest priority. Since a block out 
timer is used with the CPU read request in this example, the block 
out timer is started upon making the highest priority CPU read 
request. Then the system in step 1172 makes a graphics read 
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revest. A block out timer is also used with the graphics read 
revest, and the block out timer is started upon making the 
graphics read request. 
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A video window read revest in step 1174 and a video capture 
■ in step 1176 have equal priorities. Therefore, the 

Td rl ::Ust and the video capture 

Tuoed in a round robin arbitration for two tasks ' 
placed in services a refresh request and a 

system m step 11 /» ana buey 
audio read request, respectively. 

While respective bloc, out ti.ners for the CPU -d "c^e^ and 
the qraphics read revest are active, the syste. ^^^^iTlZ. 
read request and the graphics read request xn a round 
TrMtratTon for five tasks .clients,, es 

and step USS. - ^ a" a " accelerator 

Other lowest priority tasks sucn 

=. nMa rpad/write request ana a ^t^^ 
re^ir^rpra: rtMs rlund robm arbitration with five 

clients . 

XIII. Graphics Accelerator 

.isplavinq Of graphics generally requires a large ^ount of 
processing. If all processing of graphics is performed by a CPU^ 
the processing re<^ire,«ents ™ay unduly burden the CPU srnce th CPU 
generally also performs :^y other tasks. Therefore, many systems 
Tat "erfor. graphics processing use a dedicated processor, which 
i is typically referred to as a graphics accelerator. 

The system according to the present i^^"- ^/"^^^^ 
graphics accelerator that includes memory for graphics data, the 
grlph s data including pixels, and a coprocessor for performing 
,0 type operations on a plurality of co^nents of one pixel of 

the graphics data. 
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The preferred embodiment of the graphics display system uses a 
graphics accelerator that is optimized for perfooning --l""- 
and 2D effects on graphics and video surfaces. graph cs 

accelerator preferably incorporates ^^^^^'^^'^'^^^U:^ 
5 arithmetic functions for „«xim™ performance wrth vrdeo and real 
time graphics. .he graphics accelerator performs ^ -g^' 
essential graphics and video operations with performance comparable 
hardwired approaches, yet it is progra-«ble so that rt can m^e 
new and evolving application retirements with firmware d<^loads 
10 in the field. The graphics accelerator is preferably capable o 3D 
edicts such as real-time video warping and ;™ 
mapping, and Gouraud and Phong polygon shading, as weU as 2o and 
image effects such as blending, scaling, blittxng and fxlUng The 
image preferably completely 

graphics accelerator and its cacnes a 

contained in an integrated circuit chip. 

The graphics accelerator of the present invention is 
f .,blv based on a conventional RISC-type microprocessor 
Trl It™ 1 graphics accelerator preferably also includes 
additional features and some special instructions in the 
addition preferred embodiment, the graphics 

instruction set. m cnc v „fher 
accelerator is based on a MIPS P3000 class processor. In other 
emO^odiments, the graphics accelerator may be based on almost any 
Other type of processors. 

Referring to FIG. 37, a graphics accelerator 64 receives 
co«ands from a CPU 22 and receives graphics data from ^in memory 
26 through a memory controller 54. The graphics - J 
preferably includes a coprocessor (vector coprocessor, 1300 that 
prexerauj-y „ivf>ls In vector type 

30 performs vector type operations on pixels^ ^, „ V 

♦->,^ T? o and B components, or tne i, 
operations, the R, ^> 
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oor^nents, ot a pixel are processea in parallel as the three 
elements of a -vector-. In alternate ernbodiments , the graphics 
accelerator not include the vector coprocessor, and the vector 
coprocessor nvay be coupled to the graphics accelerator rnstead. 
The vector coprocessor 1300 obtains pixels (3-tuple vectors) vra a 
specialized LOAD instruction. 

The LOM, instruction preferably extracts bits fro« a 32-bit word in 
memory that contains the retired bits. The LOM> instruction also 
preferably packages and converts the bits into the input vec or 
format of the coprocessor. The vector coprocessor 1300 wrrtes 
pixels (3-tuple vectors) to memory via a specialized STORE 
instruction. The STORE instruction preferably extracts the 
required bits from the accumulator (output) register of the 
coprocessor, converts them if required, and packs them rnto a 32- 
bit word in memory in a format suitable for other uses wrthxn the 
IC, as explained below. 

Formats of the 32-bit word in memory preferably include an 
RGB16 £or,^t and a YW format. When the pixels are formatted rn 
RGB16 format, R has 5 bits, G has 6 bits, and B has 5 bits Thus 
there are 16 bits in each R0B16 pixel and there are two RGB16 half- 
words in every 32-bit word in memory. The two RGB16 half-words are 
selected, respectively, via vectorLoadRGB16Lef t instruction and 
VectorLoadRGBlSRight instruction. The 5 or 6 bit elements are 
expanded through zero expansion into 8 bit conponents when loaded 
into the coprocessor input register 1308. 

The VUV format preferably includes VW 4:2:2 format, which has 
, four bytes representing two pixels packed into every 32-bit word rn 
memory. The U and V elements preferably are shared between the two 
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pixels. A typical paclclng iorroat used to load two P^^/^ '^-^"^ 

VOV 4 = 2:2 forT».t into a 32-bit mer»ory is YUYV, where each of first 

and second Vs, u and V has eight hits. The left p.xel .s 

■ r^f i-h^ first Y plus the U and V, and the right 
preferably conprised of the tirsc pxu 

■ ^-F <-v.o Q<=rond Y plus the U and V. 
pixel is preferably comprised of the secona p 

special LOAD instructions, LoadYUVLeft and LoadYUVRight are 
preferably used to extract the YUV values for the left pixel and 
the right pixel, respectively, and put them in the coprocessor 
input register 1308. 

special STORE instructions, storeVectorAccumulatorRGB16 
StoreVectorAccuMulatorRGB24, storeVectorAcou^ulatorYUVLef t, and 
StoreVectorAccuM>latorYUVRight, preferably convert the contents of 
the accumulator, otherwise referred to as the output -S^^'- °' 
the coprocessor, into a chosen forn«t for storage in .^aory. In the 
case of storeVectorAccumulatorRGBie, the three components (R, G, 
and B) in the accumulator typically have 8, 10 or .nore significant 
hits each,, these are rounded or dithered to create R, G, and B 
values with 5, 6, and 5 bits respectively, and packed into a 16 brt 
value. This 16 bit value is stored in memory, selecting either the 
appropriate 16 bit halt word in meraory via the store address. 

in the case of storeVectorAccumulatorRGB24 , the R, G, and B 
coTponents in the accu:»ulator are rounded or dithered " create 8 
bit values for each of the R, G, and B coinponents, and these are 
packed into a 24 bit value. The 24 bit RGB value is written into 
lemory at the .nemory address indicated via the store address. In 
th cases of storeVectorAccumulatorYUVLef t and 

StoreVectorAccur^alatorVUVRight, the Y, U and V components in the 
, accumulator are dithered or rounded to create 8 bit values for each 
of the components. 
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in the preferred e^cdiment, the storeVectorAcc^ulatorYUVLeft 
instruction writes the V, U and V values to the locations in the 
addressed „ word corresponding to the left VW pixel r e _the 
word is arranged as «1YV, and the first V value and the U and V 
values are over-written. In the preferred er„bod.ment the 
StoreVectorRccumulatorYUVRight instruction writes the V value to 
the memory location corresponding to the Y component of the r.ght 
VUV pixel, i.e. the second Y value in the preceding example. In 
other e.*odiments the « and V values may be co,*ined with the U and 
V values already in memory creating a weighted sum of the exrstrng 
and stored values and storing the result. 

The coprocessor instruction set preferably also includes a 
GreaterThanOREgualTo (GE) instruction. The GE instruction performs 
a greater-than-or-e^al-to comparison between each element of a 
pair Of 3-element vectors. Each element in each of the 3-elem^t 
vectors has a size of one byte. The results of all three 
con^risons, one bit per each result, are placed rn a result 
register 1310, which ™y subsec^aently be used for a s.ngle 
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conditional branch operation. This saves a lot of instructrons 
(Clock cycles, when performing co:,parisons between all the elements 
of two pixels. 

The graphics accelerator preferably includes a data SR*M 1302, 
also called a scratch pad memory, and not a conventional data 
cache. in other e^diments, the graphics accelerator may not 
include the data SR*M, and the data SKM, may be coupled to the 
graphics accelerator instead. The data SR^ 1302 is - ^ 

cache that is .^ged in software. The graphics accelerator 
preferably also includes a DHA engine 1304 with queued commands. 
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in other embodiments, the graphics accelerator may not include the 
engine, and the DMA engine may be coupled to the graphics 
accelerator instead. The DMA engine 1304 is associated with the 
data SRAM 1302 and preferably moves data between the data SKAM 1302 
and main memory 28 at the same time the graphics accelerator 64 rs 
using the data SRAM 1302 for its load and store operations. In the 
preferred embodiment, the main memory 28 is the unified memory that 
is shared by the graphics display system, the CPU 22. and other 
peripherals • 

The DMA engine 1304 preferably transfers data between the 
memory 28 and the data SDRAM 1302 to carry out load and store 
instructions. In other embodiments, the DMA engine 1304 may 
transfer data between the memory 28 and other components of the 
graphics accelerator without using the data SRAM 1302. Using data 
SRAM, however, generally results in faster loading and storing 
operations . 

The DMA engine 1304 preferably has a queue 1306 to hold 
multiple DMA commands, which are executed sequentially in the order 
they are received. In the preferred embodiment, the queue 1306 is 
four instructions deep. This may be valuable because the software 
(firmware) w be structured so that the loop above the inner loop 
may instruct the DMA engine 1304 to perform a series of transfers, 
e g to get two sets of operands and write one set of results back, 
and then the inner loop may execute for a while; when the inner 
loop is done, the graphics accelerator 64 my check the co,«aand 
<^eue 1306 in the DMA engine 1304 to see if all of the DMA con^nds 
have been completed. The queue includes a mechanism that allows 
the graphics accelerator to determine when all the DMA comn^ds 
have been completed. If all of the DMA commands have been 
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completed, the graphics accelerator 64 preferably immediately 
proceeds to do more work, such as commanding additional DMA 
operations to be performed and to do processing on the new 
operands. If not, the graphics accelerator 64 preferably waits for 
the completion of DMA commands or perform some other tasks for a 
while. 

Typically, the graphics accelerator 64 is working on operands 
and producing outputs for one set of pixels, while the DMA engine 
1304 is bringing in operands for the next (future) set of pixel 
operations, and also the DMA engine 1304 is writing back to memory 
the results from the previous set of pixel operations. In this 
way, the graphics accelerator 64 does not ever have to wait for DMA 
transfers (if the code is designed well), unlike a conventional 
data cache, wherein the conventional data cache gets new operands 
only when there is a cache miss, and it writes back results only 
when either the cache writes it back automatically because it needs 
the cache line for new operands or when there is an explicit cache 
line flush operation performed. Therefore, the graphics 
accelerator 64 of the present invention preferably reduces or 
eliminates period of waiting for data, unlike conventional graphics 
accelerators which may spend a large fraction of their time waiting 
for data transfer operations between the cache and main memory. 

Although this invention has been described in certain specific 
embodiments, many additional modifications and variations would be 
apparent to those skilled in the art. It is therefore to be 
understood that this invention may be practiced otherwise than as 
specifically described. Thus, the present embodiments of the 
invention should be considered in all respects as illustrative and 
not restrictive, the scope of the invention to be determined by the 
appended claims and their equivalents. 
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